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1.  SOLID  STATE  DEVICE  RESEARCH 


The  first  two  double-heterostructure  GalnAsP/lnP  diode  lasers  to  be  life-tested  have  so 
far  logged  over  1000  and  600  hr,  respectively,  of  continuous  CW  operation  at  room  tem- 
perature without  degradation.  For  both  devices,  the  emission  wavelength  is  1.15  jam  and 
the  output  powers  are  i and  4 mW,  respectively.  It  is  of  particular  interest  that  tlie  la- 
sers tested  were  fabricated  from  heterostructures  grown  on  an  InP  substrate  with  a dis- 
location density  of  about  5 x 10^  cm’^,  since  Ga.As/Ga.AlAs  lasers  grown  on  substrates 
with  such  a high  dislocation  density  would  liave  very  short  lifetimes. 

For  n^-Ga.'Vs,  a multiple-energy  proton  bombardment  is  shown  to  be  superior  to  a single- 
energy bombardment  in  preparing  uniform  high-resistivity  layers.  An  appropriate  com- 
bination of  a multiple-bombardment  schedule  followed  by  an  anneal,  which  can  bo  at  a 
temperature  as  high  as  500°C  for  carrier  concentrations  of  lo'*^cm  can  yield  10  to 
10  n-cm  layers  in  n -Ga.As. 

When  low-dose  n-type  implants  are  made  directly  intoCr-doped  Ga.As,  anomalous  results 
are  obtained  on  a large  percentage  of  commercially  available  ingots.  For  some  Cr-doped 
ingots,  a thin  n-type  skin  of  "anomalous  excess  carriers"  is  observed  after  implanta- 
tion, whereas  low  activation  of  the  implanted  ions  is  observed  in  other  ingots.  On  the  in- 
gots that  show  "excess  carriers,"  an  improved  encapsulation  j)rocedure  is  described  which 
can  substantially  reduce,  and  in  some  cases  eliminate  completely,  the  excess  sheet  con- 
centration. On  the  ingots  that  show  low  activation,  an  ion-implantation  damage-gettering 
technique  is  discussed  which  has  been  used  to  increase  the  activation  of  implanted  ions  to 
^80  percent. 

Schottky-barrier  capacitance  measurements  have  revealed  that  heating  Hr-  and  In-doped 
n-type  CdTe  wafers  in  the  75°  to  500°C  temperature  range  produces  a large  decroa.se  in 
carrier  concentration  near  the  surface.  This  effect  is  presumably  due  to  the  outdiffusion 
of  Cd  and  the  concomitant  formation  of  compensating  defect  centers. 

Liquid-phase  epitaxial  films  of  PbSj  _^Se^  on  FbS  substrates  were  grown  using  cooling 
rates  in  excess  of  20°C,/min.  and  initial  growth  temperatures  of  approximately  600°G. 
l.iquidus  data  for  growth  solutions  of  Pb^  and  P1)j_^,(Sq  are  given  in  the  tem- 

perature range  of  580°  to  670°G  for  y values  in  the  0.005  to  0.010  range,  respectively. 

II.  Q1  ANTI  M ELECTRONIC’S 

Calculations  and  preliminary  experiments  have  been  carried  out  on  the  fea.sibility  of  sub- 
stituting Ndl.a  pentaphosphate  lasers  for  low-power  Nri:V.AG  lasers  using  lamp  or  solar 
excitation. 

With  CdGeAs^  and  a passively  (^-switched  C(  iasei-  pump,  1.9  W of  average  doubled 
power  have  been  obtained.  The  second  harmonic  was  generate<l  in  an  antireflcction  coaled 
crystal  using  10.4  W of  average  input  power  and  a pulse  rc'petition  rate  of  20  kllz. 


Two-photon  resonantly  enhanced  tripling  of  CO^  laser  radiation  in  liquid  CO  mixtures 
has  been  observed.  I'sing  a tight  focusing  geometry,  a |jowcr-conversion  efficiency  of 
0.3  percent  for  the  CO^  H(6)  line  at  1069.01  cm  has  been  achieved  in  a CO-O^^  solution. 

The  solvent  dependence  of  theft)  two-photon  resonance  has  been  studied.  Phasematching 
with  an  additional  molecular  constituent  has  been  demonstrated. 

simple  anal^dical  model  has  been  developed  b)r  the  contribution  of  the  vibration-rotation 
interaction  to  the  linewidth  of  the  isotropic  two-photon  resonance  in  simple  molecular  liq- 
uids. The  results  indicate  that  this  process,  which  has  not  been  included  in  recent  theo- 
retical calculations,  contributes  significantly  to  the  observed  linewidths.  The  evolution 
of  the  two-photon  resonance  peak  intensity  through  the  IJoppler-broadened,  pressure- 
broadened,  and  motionally  narrowed  regimes  is  illustrated. 

Double -resonance  spectroscopy  of  the  band  of  SF^  has  been  carried  out  using  a 
Q-switched  CO^  laser  as  the  pump  and  a tunable  PbSnTe  diode  laser  as  the  probe.  The 
effects  of  an  intense  optical  field  on  rotational-vibrational  transitions  in  the  gas  have  been 
observed. 

111.  M.'\TER1.A,I.S  RESEARCH 

In  order  to  achieve  accurate  control  of  the  thickness  of  the  liquid-phase-epitaxial  InP 
layers  that  are  incorporated  in  Galn.AsP/lnP  double-heterostructure  diode  lasers,  tliis 
thickness  has  l>een  determined  as  a function  of  the  growth  parameters.  Since  the  results 
are  consistent  with  a simplified  model  for  diffusion-limited  growth,  they  have  been  used 
to  determine  the  diffusion  coefficient  of  P in  In-rich  In-P  solutions  as  a function  of  tem- 
perature between  550°  and  680 °C. 

In  developing  a procedure  for  fabrication  of  GalnAsP/lnP  double-heterostructure  diode 

lasers,  a detailed  study  has  been  made  of  the  liquid-phase  epitaxial  growth  of  Galn.'lsP  ; 

layers  on  InP  substrates.  No  evidence  has  been  found  that  lattice-matched  epilayer  com- 
positions are  favored  in  this  system;  the  composition  is  a sensitive  function  of  the  growth 
parameters,  which  must  therefore  be  closely  controlled  in  order  to  obtain  the  lattice- 
matched  GalnAsP  layers  required  for  efficient  laser  operation. 

Laser  emission  at  1.58  pm  has  been  obtained  at  about  80  K for  double-heterostructure  di- 
odes with  an  active  region  of  Ga^  4^51oq  535-'^s  sandwiched  between  barrier  layers  of  InP 
and  Ga^  80^®0  48^^0  52‘  This  emission  wavelength  is  the  longest  that  can  be  ob- 

tained for  lattice-matched  GalnAsP/lnP  diode  lasers,  since  the  active  region  composition 

is  the  P-free  limit  of  the  series  of  GalnAsP  alloys  with  the  same  lattice  constant  as  InP.  j : 

Seeded  vertical  Bridgman  growth  of  AgGaSe^,  a material  for  nonlinear  infrared  applica- 
tions, has  reproducibly  yielded  crack-free  single  crystals  with  volumes  of  several  cubic 
centimeters.  Orienting  the  growth  axis  approximately  parallel  to  tlie  crystallographic 
c-axis  has  eliminated  cracking  that  previously  occurred  becavise  the  thermal  expansion 
coefficient  of  AgGaSe^  is  negative  for  directions  within  25°  of  the  c-axis. 

Excellent  selective  black  absorbers,  with  the  high  solar  absorption  and  low  infrared  omit- 
tance needed  for  use  in  flat-plate  solar  collectors,  have  been  pre|iared  by  employing  RE 
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sputti'i’infj  to  coal  metal  substrateH  vvitli  successive  thin  films  of  f^  *'^**}  ( ' i'  cei'inct  and 
Such  thill-film  composites  deposited  on  N'i-coaled  stainless  steel  are  stable  in 
air  at  temperatures  up  to  100°C. 

IV.  .MKKOKI.KCTKOMfS 

l.arge-area  annular  IMIWI’T  diodes  have  been  fabricated  from  Cla.As  havini;  a lo-hi-lo 
impurity  profile  created  by  silicon  ion  implantation.  I'roton  bombardment  was  used  to 
define  the  annuli.  Measurements  of  tlie  thermal  resistance  of  .annular  diodes  and  disk  di- 
odesof  equivalent  active  area  have  indicated  that  the  thermal  resistance  has  bi>en  reduced 
by  as  much  as  50  percent  by  virtue  of  the  annular  geometry.  An  efficiency  of  55  percent 
with  an  output  |)ower  of  7.4  W has  heen  achieved  at  5.0  (Illz,  and  another  device  has  tjen- 
erated  an  output  power  of  1<5.1  W witli  an  efficiency  of  21.6  percent  at  5.15  (111/.. 

Fabrication  of  the  100-  x 400-cell  CCl)  imaging  sensorsfor  the  CiKtiD.SS  K'.round  Klectro- 
Optical  Deep  Space  Surveillance)  Program  has  begun.  Processing  of  the  first  "set"  of 
silicon  wafers  has  been  completed,  and  apfiroximately  13  percent  of  tbe  devices  on  the 
wafers  wore  free  of  gate-gate  and  gate-substrate  shorts  and  were  thus  suitable  for  dy- 
namic testing.  Successful  operation  of  one  of  tliese  devices  with  electrical  input  signals 
has  been  achieved  at  the  design  goal  data  rate  of  400  kllz. 

A new  transversal  filter  structure  is  described  which  uses  charge-coiqded  device  (t't'D) 
technology,  and  is  capable  of  handling  signals  at  data  rates  much  higher  tlian  existing  t'Cl) 
implementations.  This  structure  allows  tap  weights  to  bo  programmed  as  digital  words, 
which  can  be  stored  on  the  device  in  static  shift  registers.  A 32-stage  prototyiie  device 
has  been  designed  and  tested  at  data  rates  up  to  20  MHz,  which  is  the  limit  of  our  pres- 
ent clocking  circuitry.  Operation  at  even  higher  rales  apiiears  feasible. 

.A  two's-complement  multiplier  whicli  can  multiply  two  8-bit  signed  numbers  in  less  than 
75  nsec  has  heen  fabricated  in  hybrid  integrated  circuit  form  using  commercially  avail- 
able Schottky  TTl,  dice.  This  [iro.iect  was  undertaken  in  order  to  demonstrate  the  pos- 
sible reduction  in  size  of  conqilex  digital  systems.  The  multiplier  circuit  was  selected 
because  it  was  felt  to  have  greater  afipl icabil ity  than  a more  specialized  circuit.  I3v  put- 
ting eight  dice  into  oni’  package  a 6-to-l  reduction  in  system  size  over  standard  I'lP 
fiackaging  has  been  achieved. 

The  bias  filter  in  a mixer  diode  circuit  supplies  DC  bias  to  the  mixer  diode  and  provides 
the  intermediate  frequimcy  output,  while  presenting  an  almost  perfect  reflection  at  the 
signal  and  local-oscillator  freipiencies.  .At  centimeter  wavelengths,  the  bias  filters  are 
usually  made  by  using  quarter-wavelength  low-  and  high-impedanci'  coaxi.al  line  sections 
to  forma  low-pass  filter  structure.  However,  at  millimeter  and  submillimeter  wave- 
lengths, the  low-pass  bias  filter  cannot  be  constructed  in  coaxial  form  since  the  coaxial 
line  dimensions  become  too  small  to  fabricate  by  conventional  machining  operation.  Hias 
filters  for  submilli nu'ter  wave  mixers  have  heen  provided  b\  an  integral  stripline  filter 
which  is  incorporated  into  the  diode  package.  The  characti'ristics  of  these  filters  at  sub- 
millimeter wavelengths  were  inferred  from  measurements  made  on  dimensionally  scaled 


filtPf  models  in  the  frequency  raiifje  from  1.0  to  9.0  Cillz.  This  use  (jf  scaknl  modi'ls  is 
essential  in  evaluating  niixei'  conijjononts  for  potential  operation  in  the  submillimotei- 
wave  region. 


\.  Sr  IU''  A('K-\\'AV  K TKClINOl.OdV 

In  order  to  maximize  the  in  surface-acoustic -wave  IS.AW)  resonators,  it  is  necessary 
to  minimize  small  resitlual  losses.  One  such  loss  is  dut*  to  scatteririg  from  surface 
waves  into  hulk  waves  at  tlie  edges  of  a reflection  grating.  This  loss  process  has  been 
suppressed  hv  t;if)ering  the  groove  depth  of  succe-ssive  grooves  in  a grating  from  zero  up 
to  the  maxiimim  depth.  A taper  which  extends  over  a relatively  short  distance  (typically 
20  to  iO  gi-ooves)  at  tin-  grating  (>dge  is  adei|uate  to  .significantly  decrease  the  scattering 
loss.  .A  simple  ion-heam-etehing  techtuqiie  has  been  developed  for  obtaining  the  tapers. 
With  tapering,  a tj  of  MO, 000  has  been  obtained  at  170  Mllz  on  I.i.XbOj,  and  a t^  of  61,000 
at  1 sO  Mllz  on  ST-qnartz.  These  ijs  are  close  to  the  material-loss  limit. 

•A  filter  eii-cuit  which  employs  a pair  of  reflective-array  comiirossors  (KACs)  lias  been 
developed.  This  unique  circuit  exploits  the  e.xce()tional  filter  characteristics  of  H.AC  de- 
vices to  obtain  a hand[)ass  filter  with  a handwidtli  wliioli  is  continmnisly  variable  over 
more  than  a 20:1  range.  The  liandwidth  is  varied  l>y  clianging  tiie  fret]uency  of  a pair  of 
oscillators  in  the  filter  circuit.  .A  prototype  circuit  provides  a handwidtli  variable  from 
0.8  to  22  .Mllz,  togetlier  witli  more  tlian  50-dH  out-of-hand  rciection. 

Significant  advances  have  been  made  in  aeoustoclectric  memory-C(  -rolator  technology. 
The  memory  correlator  is  a gap-coupled  S.AW  device  in  which  a matrix  of  freestanding 
diodes  cm  a silicon  strip  is  held  in  close  proximity  ('•300-nm  ga[>)  to  the  surface  of  an 
l.iNbOj  SAW  delay  line.  Ii  ractions  lietween  tlie  surface  waves  and  tlie  diodes  provide  a 
wide-hand  programmable  analog  matched  filter.  Improvements  in  tlie  Schottky-diode  ar- 
rays, the  substrate  geometry,  and  the  mechanical  assenildy  have  yielded  the  desirable 
features  of  a stable,  uniform  response  with  wide  bandwidth  and  long  storage  time  (up  to 
100  msec).  The  u.so  of  I.KDs  for  erasure  of  stored  reference  waveforms  has  been  demon- 
strated. The  major  residual  problem  to  he  solved  is  the  supjiression  of  spurious  signals 
in  memory  correlators. 


li  V l■()ln■s  ON 


SOI.  in  ST.\'i  !■:  iiKSKAHrii 


1 'j  Aiitlii.st  tliriiut’li  1 '>  Ni)Vcml)cr  197i. 


|M  HI  Ism  I)  Hl  l’Oin  S 


■Tournal  .Article.s 


■ lA  .\_o. 


40 

r‘orromaffm-1  ism 

J.  B.  Ooodenoujjh 

Fsiratto  dal  Vol,  V della 
Fnciclooedia  della  ('himica 

(('sea  Kdizkmi  Sciontifiche, 
Fironi^e,  1976),  p.  157 

f IS 

Impurity  (lettering  in  Somi- 
insiilatifiK  Oallium  .Arsenide 
I sinfj  ion  Implantation  Damajjc* 

C,0.  Bozler 
.1.  lb  IX)nnelly 
\V.  '1'.  Findley 
IF  A.  RcNTiolds 

Appl.  I’hvs.  I.ett.  29,  698 
(1976) 

4.  18 

'I'ransiont  InSb  Spin-I'li[) 
I.ascr  — A Measurement  of 

S.  U.  J.  Hrueck 
A.  Mooradian 

Opt.  rommiin.  18,  539  (1976) 

41  21 

High- Efficiency  Hijjh-Avora^e- 

Power  Second-Harmonic  Gen- 
eration with  C’dOe.As, 

N.  Menvuk 
G.  \V.  Tseler 
A,  Mooradian 

Appl.  Phy.s.  I.ett.  422 

(1976) 

46  16 

Selective  Black  Absorbers 
^sin^:  'Au  Gcrmet  Films 

J.  (\r,  I-'an 
P.  M,  Zavracky 

Appl.  Phys.  I.ott.  29.  478 
(1976) 

4(  41 

f>istributed  Feedback 

Fh,  Sn  Te  Double - 
1 -X  X 

1 ieterost riicturo  Lasers 

J.  N.  Walpole 
R.  (’alawa 
S.  IF  C’liinn 
S.  11,  Groves 
'r.  (\  Harman 

-■\ppl.  Phys.  Fell.  29,  107 
(1976),  FIX'  AD-A031649 

4h41 

Direct  Optically  Pumped 
Multiwavcienfftli  (‘O2  i.aser 

M.l.  Buchwald"' 

(’.  IF  Jones* 

IF  IF  I’ettorman 
H.  IF  Sclilossborg"- 

.A|ipl.  Phys.  I.ett.  29,  300 
(1976) 

4iw8 

GaAs  p'^n'n"’’  Directional- 
C’oupler  Switch 

I".  J.  I.eonbergcr 
J.  P.  Doimcllv 
C.  0.  Bozler 

Appl.  Phvs.  Lett.  29.  652 
(1976) 

MoclinR  Spoci'lios 

MS  No. 

4067 

Recent  Advances  in  Tunable 
I ,asers 

A.  Mooradian 

Sov.  ,T.  CJiiant.  I'lertron.  6, 
420  (1976) 

i-Aurt'or  nol  at  I.inooln  I .alxiralorv. 


MS  \o. 


•tlt'9 


Ion  Beam  Filching 


H.I.  Smith  l^rocceciings  of  Sympo.sium 

on  Ktching  and  l*aiii‘rn  Def- 
inition (The  Fllcctrochcmical 
Society,  I’rinceton,  New 
.lersey,  197(i),  pp.  155-145 


4205  Design  of  Ueflcctive-Arrav 

Surface  Wave  Devices 


.1.  Meingailis 
K.C.  Wiiliamson 
.1.  lioitham 
R.  C.  M.  I.i 


Wave  Klectronics  2,  177 
(1970) 


I NPrni.ISIIF'.D  HKI’URTS 


■lournal  Articles 


■I A No. 
4021 


4047 


4081 


MS-4280 


Minority  Carriers  in  Graphite 
anci  the  li-I’oint  Magnetore- 
flection  Spectra 


W.  W.  Toy*  Accepted  hy  I^hys.  Rev.  B 

M.  S.  Dresselliaus* 

O.  Drosselhaus 


Multiple-Knergy  I’roton  Bom- 
liardment  in  n+-GaAs 


,T.  P.  Donnelly  .Accepted  by  Solid-State 

]■'.  .1.  I.eonherger  Electron. 


Preparation  and  Properties  of  T.  C.  Harman 
I’bS  Crystals  with  l.ow  Car-  .A.  ,1.  Strauss 

rier  Concentrations 


.Accepteti  bv  J.  Electron. 
Mater. 


CdTe  Optical  Waveguide  Mod-  D.  1..  Spears 
ulators  A.  J.  Strauss 


Accepted  liy  J.  Physique 


Meeting  Speeclies* 


MS  No. 


40e2A 

CJa.Vs/C’i:i.A.L-\.s  and  CalnAsI*  Itil’ 
DU  Di(Kle  l.arfers  drown  from 
Supercooled  Solutiems 

.7.  .7.  I Is  i eh 

Seminar,  RCA  Laboratories, 
Princeton,  New  .Torsey, 

12  August  1976 

4124 

Analog  Momorv  Correlators 
for  Radar  Sifrnal  I’roccssing 

E.  Stern 

AGAfd.)  Symposium,  The 
Hague,  Netherlands, 
14-17  June  1976 

41 24  A 

Wideband  Signal  Processing 
with  Acoustoelectric  SAW 
1 H'viees 

R.  C.  Williamson 

Symposium  on  Impact  of  New 
'Fechnologics  in  Signal  Pro- 
cessing, Aviemore,  Scotland, 
21-24  Soptomher  1976 

Author  not  at  I.incoln  I.aboratorv. 

t Titles  of  Meeting  Speeches  are  li.sted  for  information  onlv.  No  copies  are  available  for 
distribution. 


MS  No, 


4140C,  1) 

I’hotoelectrolysis  of  Water 

J.  G.  Mavroides 

Colloquium  on  Photoelectrol- 
ysis, Johns  Hopkins  Fniver- 
sity,  8 October  1976; 

Greater  Washington  Physics 
Colloquium,  Washington, 
D.C.,  7 October  1976 

4177D 

Sputtered  Films  for  Solar 
Energy  Applications 

J.  C.  C.  Pan 

New  England  ISIIM  Technical 
Symposium,  Woburn,  Massa- 
chusetts, 21  September  1976 

4177E 

Wavelength-Selective  Surfaces 
for  Solar  Energy  Utilization 

.1.  C.  C.  Fan 

.Symposium  on  Optical, 
Electro-Optical,  Laser  and 
Photographic  Technology, 
San  Diego,  2 3-27  August 
1976 

42  30A 

In  Ga,  As  P,  /inP 
X t-x  y 1-y 

Double-Ileterostructure 

Lasers 

•LA.  Rossi 
.1.  .1.  1 Is  ieh 
.1.  P.  Donnellv 

4295 

Thickness  of  InP  Lavers 
Grown  by  LPE  from 
Supercooled  Solutions 

.1.  ,1.  Ilsieh 

4296 

Ion  Implanted  Lo-lli-Lo 
Annular  GaAs  IMPATT 
Diodes 

R.  A.  Murphy 
C.  O.  Rozler 
.T.  P.  Donnellv 
R.  W.  I.aton 
G.  A.  Lincoln 
R.  W.  Sudbury 
W.  T.  I.indley 

L.  Lowe* 

M.  Deane* 

1976  North  American  Sympo- 
sium on  Gallium  Arsenide 
and  Related  Compounds, 

•St.  Louis,  Missouri, 

26-29  .September  1976 

42<t8 

( onditions  for  Lattice-Matching 
in  the  LPE  Growth  of  GalnAsP 
Lavers  on  InP  Substrates 

.1.  .1.  Ilsieh 
M.r.  Finn 
J.  A.  Rossi 

4302 

Ion  Implantation  in  GaAs 

.1.  P.  Donnelly  . 

42  lOR 

In  Ga,  As  P,  /inP 
X t-x  V 1 -V 

Double- Hetc  rostructure 

Lasers 

.1.  J.  Ilsieh 
.1.  A.  Rossi 
.7.  P.  Donnellv 

IEEE  .Semiconductor  Laser 
Conference,  Nemu-no-sato, 
Mie,  Japan,  6-8  .September 
1976 

42  30C 

1.2  pm  cw,  Hoom-Tcmperature 
GalnAsP  ^InP  DH  Diode  Lasers 

.T..1.  Ilsieh 

Seminar,  Rell  Laboratories, 
llolmdel.  New  Jersev, 

4 .'Vugust  10  76 

4261 

Studies  of  Surface  Defect  States 
on  'i'iO^:  Two-Dimensional 

Surface  Phases 

V.  E.  Ilonrich 
G.  Dresselhans 
II.  .1.  Zeiger 

XIII  International  Conference 
on  the  Physics  of  ,Sen)iconduc- 
tors,  Rome,  Ilnlv,  10  .\ugust  — 
i .September  to 77 

Author  not  at  Lincoln  Laboratory. 


MS  No. 


4263A 


4263 


4265R 


4271 


4274A 


4285 


4290 


4318 


4319 


4320 


4332 


Theory  of  Resonant  Raman 
Scattering  from  Magnetic 
Excitons  in  Europium 
Chalcogenides 


S.  A.  Safran 
G.  Dresselhaus 
M.  S.  Dresselhaus’ 
B.  Tax* 


XIII  International  Conference 
on  the  Physics  of  Semiconduc- 
tors, Rome,  Italy,  30  August  - 
3 September  1976 


Theory  of  Resonant  Raman 
Scattering  from  Magnetic 
Excitons  in  Europium 
Chalcogenides 


S.  A.  Safran*  International  Conference  on 

G.  Dresselhaus  Magneto-Optics,  Zurich, 

M.  S.  Dresselhaus*  Switzerland,  1-3  September 
1976 


B.  Lax* 


Iligh-Nd-Concentration  Mini- 
Lasers  and  l.aser  Materials 


S.  R.  Chinn 


X-Ray  Lithography 


H.  1.  Smith 


Tunable  Infrared  Lasers  and  P.  L.  Kelley 
Their  Applications 


The  Influence  of  Semiconductor  D.  1.  Tchernev 
Properties  on  Photoelectrolysis 
of  Water 


Double  Reticle  Method  of 
Eliminating  Repeated  De- 
fects in  LSI  Masks 


T.  O.  Herndon 
D.  L.  Smythe,  Jr. 


Suppression  of  Bulk- Wave 
Scattering  Loss  in  SAW 
Resonators 


J.  A.  Alusow 
R.C.  M.  Li 
R.  C.  Williamson 


Convolvers  for  DPSK  Demod- 
ulation of  Spread  Spectrum 
Signals 


J.  II.  Cafarella 
S.  A.  Reible 
fl.  Stern 
R.  W.  Ralston 


A Continuously  Variable  De- 
lay Line  System 


V.  S.  Dolat 
R.C.  Williamson 


Lincoln  Laboratory  Program 
on  Thin- Film  Photovoltaics 


II.  J.  Zeigoc 


♦ Author  not  at  Lincoln  Laboratory. 


Seminar,  Philips  Research 
Laboratories,  Briarcliff 
Manor,  New  York,  31  August 
1976 


1976  International  Confer- 
ence on  Solid  State  Devices, 
Tokyo,  1-3  September  197  6 


1976  Fall  Meeting,  Optical 
Society  of  America,  Tucson, 
Arizona,  18-22  October  1976 


International  Conference  on 
the  Photochemical  Conver- 
sion and  Storage  of  Solar 
Energy,  London,  Ontario, 
Canada,  24-28  August  1976 


INTERFACE  '76  Microelec- 
tronics Seminar,  Monterey, 
California,  3-6  October  1'976 


1976  IEEE  ntrasonics  Sym- 
posium, Annapolis,  Maryland, 


29  September  — 1 October  1976 


ERDA  Solar  Photovoltaic 
Program  Review  Meeting. 
Fniversity  of  Maine,  Orono, 
5-5  August  1976 


4545 


4560 


Application  of  t.ascr  Teclmol-  A.  Mooradian 
ogy  to  Atmosplieric  Monitoring 


Study  of  Perfect  and  Impcr-  II.  J.  Zeigor 

feet  Surfaces  Using  Ultrahigh 
V'acuum  Spectroscopy 
Techniques 


8th  Materials  Research 
Symposium,  National  Bureau 
of  Standards,  Washington, 
n.C’.,  20-24  September  1976 


I'hysics  Colloquium,  Syracuse 
University,  Syracuse,  New 
York,  16  September  1976 


O H G A N 1 z A T 1 0 N 


SOI  II)  M AI  I ni\isio\ 

\.  1 . \1.  WliorliT.  //I'lii/ 

1.  Nw.i  iiid' 

H.  l.r.iril.  Gm'W'iI 

I’.  1..  1 .UUHMUS.ll<l 


lU  \MIM 

ir.nll.ni.  I.ritiifr 


l>.  I . 

U.I..  I',.  A.  I . 

Uni>'A.  It.  ). 

II, lA.-.  I.  ft. 

( liiiiii,  H. 

II.  IV...  ft.  !■ . 

Ill'UlSlll.  1.1. 

1' rlli.nii.tii.  II.  II. 

I li'iiituin^.  \l.  ft.‘ 
ll.Uiroik.  H.  < • 


lU-.Uoli.  i.  il. 

kiUl.U.  n. 

I ai>»'ti . IK  M- 
Mi-m  Ilk.  K. 
M.iullon.  IK  1'  ■ 
( );-.i'innl,  II . ^K 
I'.Nkri.  ( . 1>- 
I’ino. 


MM’UVn 

\.  IK  )•  t,  Lf'adrr 
r.  Il.innan.  I ssi,sn/«/ 
C.  IK  llurwit/,  Isusiuf/l 


|Irl.inf<or.  I . .)■ 

(Kil.iu.i,  \.  H. 

I -arlcr,  I . H. 

Oi-M.-o.  \.  I...  ,K. 

n.innrlk  . .1.  IK 

)•  <Tranh‘.  !»• 

I »rl>^  «'s , '*'.11. 

) I'lmln  rm'r.  1'  . .! . 


I.t'itilrr 
Lrodrr 

\ imi.  I - \- 
\h  liii.l.-.  ft-  1 ■ 

Oipli.iii'is.  ft  • I • 

IKvKulim*.  \ 1'  ■ 

•-'ll,. II,  ( . ( . 

''prarH.  IK  I - 
I *K  / ■ 

I. 


1 1 ic  I mi\i(  M \ i I HI  \i 


I.nuirr 

II.  .1.  /.■ifioi,  Issciriuff  l.vutirr 


Ui»l«‘r>'m.  I • II  - !• 
ynim.ilu,  \ ( K I . 

luUi'n.  M-  1- 
)ol.in<*\  .1.1. 

1)'\  1 nil'  • k . . i I ■ 

I atio^.  it.  1.. 

1 .in.  I.  r. 

l-rlclni.m.  H. 

1 inn.  M.  IK 
I, .IV.  It.  It.' 
Hcnrioli.  \ - K. 

Ilnriji.  II . VIK 
llsieli.  I.  I. 

Isrior,  (i.  ft. 
K.ifoK'i^.  ,1. 

K^»l osar,  I ).  I'  . 


Krolui.  1 .. 

1 ,il  lour,  ft . 1 . 

M-i-inniuiltoi . I 1 

\l.tsr‘>i'los.  |.  !♦. 
\1><M  /knvvsk  i . I - II 

Oil.  It.  \.* 
Ossons.  I . IK 
IKiliii.  It.  )• 
IKiiit.im>.  I.  ^ • 
I’iono.  I.  ft. 
IMonkn.  M.  IK 

I. 

^purn,  * 
Irln'mev,  IK  1- 
I r.n  \ . I).  ^K 
\uhl,  IK 


SI  HI  \(  I ft  \\l  IM  IINOI 


I . *'t«Tn, 
H.  ( . ftiiii.iins'in. 


|tru|z.in.  ft.  I • 

( ..f.urlKt.  .1.  II. 
i)o(.raff.  IK  IK 
\ 

1 fri'inow . K ..  !i  • 
I l.imloi-s.  D.  ( .* 
Korn.ni,  ft . t •• 


I. fuller 

Iwisfunl  l.fuiiff 
I 1.  It.  ( . M. 

I- 

H.iLsinn.  It.  ft 

Hfihlf.  V \. 

Siiiitfi.  IK  K 

\ l.tnnt’s.  N . 


\ll(  HOI  1 I ( lltOM<> 


ft.  I.  I I ml 

I . ,1.  It.ii  lllUT. 

Uc.ilnt  <■.  IK 

Itu/l.T.  i . O. 

Iturkr.  IK  I'  ■ 

(.lirt.m,  K.  I. 

( Kmiv:!..  I.  I'. 

( M,on.  H.  V. 

IKintols.  IK  I. 

Iliii.inl.  O.  I • 

I ..l.-v.  t..  II. 


lov.  l.fudrr 
1 s \i\lunt  I. roller 

(ir.inl.  I . I • 

(.nn.  It.  \. 

1 ill ' -iln.  ( f.  \. . Ii  ■ 
MrtMiii.i^lo.  ft.  11. 
Mount. tin.  It.  ft. 
Miirpln  .1!. 

I’u'lilor.  II.  ll. 

Nti\  ilf,  IK  I ..  If. 
ft. Kir.  H.  IK 


• Hcsr.iri  ll  .isMist.inl 


r 


I 


:» 

1 

1 


I 


1.  SOLID  S T A r K D K V I C E K E S E A K C II 

A.  lOOO-HOUR  CONTINUOUS  CW  OUEKATION  OK  IXDUm.E-HETEHOSTlUX'TURE 

GalnAsP/lnP  LASERS 

State-of-the-art  fused  silica  fibers  have  both  minimum  attenuation  and  minimum  dispersion 
in  the  1.1-  to  1.3-pm  region.  Diode  lasers  with  emission  wavelengths  in  this  region  would  there- 
fore be  optimum  light  sources  for  fiber  optics  communication  systems,  if  they  had  long  enough 
operating  lifetimes.  Room -temperature  CW  operation  of  GalnA  I'/InK  double-hetcrostructure 
(Dll)  diode  lasers  emitting  at  about  1.1  pm  has  been  reported  by  llsieh,  Rossi,  and  Donnelly. 

In  this  section,  we  report  the  results  obtained  to  date  in  the  first  life  tests  of  such  devices.  I'he 
first  laser  tested  has  been  in  contitiuous  CV\  operation  at  room  temperature  in  air  for  over 
1000  hr,  the  second  laser  for  over  600  hr,  without  degradation  in  performance.  Doth  lasers, 
which  emit  at  1.15  pm.  are  still  in  operation. 

The  GalnAsP/lnP  lasers  are  stripe-geometry  devices  made  by  proton  bombardment  of 
heterostructures  prepared  by  growing  successive  liquid-phase-epitaxial  (LPLI  layers  of  InP. 
GalnAsP,  and  InP  on  ( 1 1 1 )H-oriented,  melt-grown  InP  substrates.  The  thickness,  dopant,  and 
carrier  concentration  of  each  LPE  layer  are  listed  in  Table  I-l.  The  stripe  widtti  is  1 3 pm. 
and  the  cavity  length  is  3H0  to  400  pm.  Details  of  the  fabrication  procedure  have  been  described 
earlier.* 


TABLE  1-1 

LPE  LAYERS  OF  DOUBLE-HETEROSTRUCTURE  GalnAsP/lnP  LASERS 


Layer 

Material 

Thickness 

(pm) 

1 

Dopant 

Corrier 

Concentration 

(cm'3) 

I 

n-lnP 

2 

Sn 

4 X lo'® 

2 

"■^°0.12'''0.88%.27'’0.  77 

0.5 

Sn 

3X  10*^ 

3 

p-lnP 

2 

Zn 

3X  to’® 

Kor  room -temperature  CW  operation,  each  diode  is  indium-soldered  to  a copper  block.  The 
block  is  then  attached  to  a copper  heat  sink  through  which  methanol  is  cycled  to  maintain  the 
heat-sink  temperature  at  24°  ± 2°C.  The  temperature  of  the  active  region  of  the  laser  during 
operation  is  estimated  to  be  5°  to  lO'C  higher. 

During  the  life  tests,  the  laser  output  power  is  monitored  continuously  with  a calibrated 
silicon  solar  cell,  and  the  DC  operating  current  is  adjusted  (leriodically  to  keep  the  output  power 
constant  to  ±20  percent.  The  threshold  current  is  checked  periodically,  and  tlie  laser  spectnim 
is  measured  from  time  to  time  by  focusing  the  light  into  a grating  spectrometer  provided  with  a 
cooled  S-1  photomultiplier. 
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'»  00  r 


X)C;- 


PACE 
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CW  OPERATING  TIME  (hfl 

Kig.  I-l.  Diode  current  vs  operating  time  for  two  fW  GalnAsl\/InD  Dli  lasers 
with  single-facet  output  powers  of  Z and  4 mU  percent),  respectively. 
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Figure  I-l  shows  the  diode  operating  current  as  a function  of  time  for  GalnAsl’/lnl'  lasers 
CW-1  and  CW-2  over  their  first  950  hr  and  first  550  hr,  respectively,  of  continuous  t'W  opera- 
tion. No  significant  variation  in  the  current  required  to  maintain  constant  output  power  (2  and 
4 mW,  respectively)  occurred  for  either  device;  the  small  changes  in  current  shown  in  Fig.  1-1 
were  due  to  changes  in  heat-sink  temperature,  not  to  laser  degradation.  I'he  threshold  cur- 
rents (275  and  330  mA.  respectively)  also  varied  somewhat  with  temperature,  but  otherwise 
remained  constant  with  time.  (After  several  hundred  hours  of  operation,  the  laser  output  at 
constant  current  gradually  dropped  because  a thin  film  formed  on  the  cleaved  facets,  which  had 
not  been  protectively  coated.  After  the  film  was  removed  by  dipping  the  diode  in  buffered  IIF, 
the  output  power  was  restored  to  its  original  value.) 

Figure  1-2  shows  the  output  spectrum  of  laser  t'V\  -1  at  285  niA  after  600  hr  of  continuous 
operation.  The  spectrum  is  identical  to  that  obtained  at  the  same  current  prior  to  the  life  test. 

Lasers  CW-1  and  CW-2  are  both  still  in  operation,  having  now  logged  over  1000  and  over 
600  hr,  respectively,  without  any  degradation  in  performance.  The  fact  that  such  e.xcellent  re- 
sults have  been  obtained  for  the  first  Galn.AsP/InP  lasers  to  be  life-tested  is  a very  encouraging 
indication  that  devices  of  this  type  will  prove  to  be  sufficiently  reliable  for  use  as  light  sources 
in  fiber  optics  communication  systems.  These  results  also  suggest  that  GalnAsP/lnl’  lasers 
may  not  be  subject  to  the  same  degradation  mechanisms  that  are  responsible  for  the  failure  of 
GaAs/Ga.AlAs  lasers.  It  is  of  particular  interest  that  the  lasers  tested  were  fabricated  from 
heterostructures  grown  on  an  InP  substrate  with  a dislocation  density  of  about  5 X 10^  cm”'", 
since  GaAs/GaAlAs  lasers  grown  on  substrates  with  such  a high  dislocation  density  would  have 
very  short  lifetimes. 

C.  C.  Shen 
J.  .1.  Ilsieh 
r.  .4.  Lind 

13.  MULTIPLE-ENERGY  PHOTON  HOMBARDMENT  IN  n^-GaAs 

It  has  previously  been  shown  that  proton  bombardment  can  be  used  to  create  high-resistivity 

layers  in  GaAs  (Refs.  2 through  7)  and  Ga^_^Al^As  (Refs.  7 and  8).  and  that  this  technique  is  a 

useful  device-processing  step.^  It  lias  been  used  in  the  fabrication  of  avalanche  photodiodes,^’*^ 

IMI*ATT  diodes,**  *^  "stripe-geometry"  lasers,^  field-effect  transistors,*^  and  optical  wave- 
16  - 1 8 ~ 
guides.  In  this  section,  we  will  discuss  several  areas  which  have  not  been  previously 

treated.  These  include  a comparison  of  the  effects  of  single-  and  multiple-energy  bombard- 
ments  on  the  electrical  characteristics  of  n -GaAs  (n  10  cm  ).  and  the  use  of  the  combina- 
tion of  a multiple-energy  bombardment  and  a post-bombardment  anneal  to  create  thermally 
stable  high-resistivity  layers  in  n^-GaAs.  The  anneal  characteristics  of  proton-bombarded 
layers  are  important  since  many  of  the  devices  in  which  proton  Iximbardment  is  used  are  sub- 
ject to  elevated  temperatures  through  post-bombardment  processing  and  ^or  operating  condi- 
tions. More  detailed  information  can  be  found  in  Ref.  19. 

For  n-GaAs  with  a carrier  concentration  less  than  10  ' cm'*,  a single  dose  of  about 
13-2 

10  cm  protons  is  usually  sufficient  to  compensate  the  entire  bombarded  layer  (for  thick- 
nesses i,  10  pm).*  For  n*^-GaAs  (n  10***  cm  *).  however,  we  have  found  tliat  a single-energy 
400-keV  proton  bombardment  cannot  effectively  compen.sate  the  entire  l-pm-lhick  bombanied 
layer.  These  results  can  be  explained  by  a nonurdform  compensation  w itli  depth.'*’**  A multiple - 
energy  proton-bombardment  scht'dule  which  would  create  a "uniform-damage"  region  was  there- 
fore developed.  Using  this  multiple-energy  proton -Iximbardment  schedule,  the  bombarded  layer 
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in  r/-GaAs  could  be  effectively  compensated  throughout  its  depth.  In  fact,  the  results  were 

found  to  be  very  similar  to  those  reported  for  fast-neutron  bombardment  in  n -GaAs  (Hef.  20). 

Without  any  post-bombardment  annealing,  there  is  an  optimum  dose  which  results  in  a maximum 

resistivity  of  10  to  10  S.>-cm.  This  dose  increases  with  carrier  concentration.  For  samples 

bombarded  for  maximum  resistivity  without  anneal,  the  resistivity  decreases  monotonically 

with  increasing  anneal  temperature.  For  higher  doses,  the  resistivity  is  initially  lower  but  in- 

7 8 

creases  at  first  with  anneal  temperature  until  it  reaches  a maximum  in  the  10  to  10  S2-cm 

rang'  . I’tie  optimum  anneal  temperature  increases  with  dose,  and  can  be  as  high  as  500*  C. 

Table  1-2  lists  the  resistance-area  product  HA  (measured  around  zero  bias  on  a curve 

tracer)  and  capacitance  per  unit  area  (' /A  (measured  on  a bi-idge  at  500  kllz)  results  obtained 

18  ”3 

on  two  bombarded  samples  which  had  initial  electron  concentrations  of  i x 10  cm  . They 

were  bombarded  with  different  total  doses  and  annealed  at  temperatures  up  to  400°C.  Sample  1 

was  bombarded  with  1 x 10^'’  cm  ^ at  400  ke\',  7 x 10^^  cm  ^ at  500  keV,  5 x 10  cm  at 

200  keV.  and  5 X 10*^  cm"'^  at  100  ke  V.  Sample  2 was  bombarded  with  3 x 10^^  cm  ^ at 

400  keV.  2 X 10*'’  cm  ^ at  300  keV,  1 X 10*^  cm  ^ at  200  keV,  and  6 x 10*"*  cm  ^ at  100  ke\h 

For  an  ideal  4-gm-thick  10  S>-cm  layer,  HA  would  be  4 x 10  <;-cm  and  (.  /A  would  be 

2.H  nF/cm"^.  Witli  no  anneal,  the  HA  product  of  botli  bombariied  samples  is  quite  low  and  t'/A 

is  liigher  than  expected.  The  capacitance  of  sample  1 is  appreciably  lower  than  that  of  sam- 

3 2 

pie  2.  After  a 30-min.,  300°t'  anneal,  the  HA  product  of  sample  1 increases  to  4 x 10  I2-cm 
(wliich  corresponds  to  a p of  10^  SI -cm)  and  the  capacitance  per  unit  area  decreases  to 
3.2  nF/cm''.  On  all  of  the  annealed  samples  measured  thus  far,  the  minimum  capacitance  is 
always  10-  to  20-percent  higher  than  expected  for  an  ideal  4-p.m  layer.  This  is  believed  to  be 
due  to  the  annealing  of  the  compensation  created  by  the  most  deepiy  penetrating  portion  of  the 
400-ke\  proton  Ijombardment  (see  Fig.  1 of  Hef.  3).  No  matter  how  high  a compensation  unifor- 
mity is  achieved  in  tile  rest  of  the  bombarded  layer,  this  region  will  always  have  some  decrease 
in  compensation  over  seseral  standard  deviations.  I'Or  liigher  anneal  temperatures,  the  HA  prod- 
uct of  sample  1 decreases  with  increasing  anneal  temperature,  and  C^A  increases.  For  sam- 
ple 2,  H.-\  increases  and  i' / A decreases  with  anneal  temperature  up  to  at  least  400°t'  (the  high- 
est anneal  temperature  used).  After  the  400“t'  anneal,  the  HA  product  was  5.1  X 10^  Sl-cm^ 
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( p = 1.3  X to  L’-crn)  and  the  c/A  was  3.2  iiF/cni''. 

Table  1-3  lists  similar  data  for  three  samples  with  an  initial  electron  carrier  concentration 
«o_i  14-— Z 14”2 

of  1 X 10  cm  . Sample  1 was  bombarded  with  5.0  x 10  cm  at  400  keV,  3.0  x 10  cm 

at  300  keV,  1.5  X lo'"*  cm''^  at  200  keV,  and  1.0  X 10*"*  cm'^  at  100  keV.  The  dose  at  each 
energy  for  sample  2 wa.s  twice  that  of  sample  1,  and  for  sample  3 was  twice  that  of  sample  2. 

For  no  anneal,  H.A  decreases  and  C,'A  increases  with  increasing  total  dose.  Sample  2 showed 
a maximum  in  H.A  of  2.0  x 10*^  Si-cm“  and  a minimum  in  (' ^A  of  3.0  nF,/cm"^  for  anneal  tem- 
peratures of  350°  and  400°C.  At  500°(  , there  was  appreciable  annealing  of  the  compensation 
in  the  bombarded  layer.  .Sample  3 .showed  an  increase  in  HA  and  a decrease  in  ('/A  up  to  the 
highest  anneal  temperature  used,  500'C.  After  the  500°C  anneal.  HA  was  about  1 x lo'’  S2-cm^ 

(p  = 2.5  X 10**  !l-cni)  and  C/A  was  3.2  nF/cm^. 

Figure  [-3  sliows  the  (-1  characteristics  for  a 20-mil-diameter  gold  contact  on  sample  3 
after  a 500 '('  anneal.  Thi'  leakage  current  is  very  small  1^1  pA)  out  to  about  40  V in  either 
bias  direction.  The  forward  directior,  corresponding  to  a positive  voltage  on  the  gold  contact, 
has  a "breakdown  voltage"  a few  volts  less  than  in  the  reverse  direction.  In  either  direction, 
the  average  electric  field  in  the  bombarded  layer  at  breakdown  is  >1  x 10^  V/cm. 
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MULTIPLE-ENERGY  PROTON  BOMBARDMENTS  IN  n = 1 X 10  cm  GaAs 


ranee  measures 


Fig.  1-3.  Current-voltage  characteristics  of  20-mil-clianieter 
gold  contact  on  multiple-energy  proton-bombarded  n'-GaAs 
(n  = 1 X 10  cm  ) sample.  GaAs  was  bombarded  with  pro- 
ton doses  of  2.0  X 10^^  cm  ^ at  400  keV,  1.2  X 10^^  cm  ^ at 
14  -2  14  -2 

300  keV,  6.0  x 10  cm  at  200  keV,  and  4.0  X 10  cm  at 

100  keV,  and  was  post-annealed  at  500°C  for  30  min. 


These  results  indicate  that  proton-bombarded  high-resistivity  layers  are  useful  to  higher 
operating  temperatures  than  previously  indicated.^’^  Although  the  situation  is  probably  extremely 
complex,  it  appears  that  several  different  compensating  levels  which  anneal  at  different  tempera- 
tures are  created  during  the  proton  bombardment.  The  density  of  each  compensating  level 
varies  with  depth  for  any  single-energy  bombardment,  and  for  any  annealing  temperature  there 
is  an  optimum  compensating  density  which  does  not  anneal  out.  By  using  a multiple -energy 
bombardment,  the  optimum  density  can  be  approximated  throughout  the  entire  bombarded  region. 
The  concept  of  "over-bombarding"  the  sample,  i.e.,  using  a higher  dosJ  than  required  for  an 
optimum  resistance  without  anneal  and  then  annealing,  has  been  previously  suggested  to  simul- 
taneously optimize  the  average  resistivity  and  optical  loss  of  single-energy  pr  .ton-bombarded 
p*'-GaAs  (Kef.  4).  However,  in  Ref.  4 the  average  resistivity  itself  decreased  with  increasing 
anneal  temperature. 

The  equivalent  parallel  AC  resistance  r and  capacitance  C of  bombarded  layers  in  n'*'-GaAs 
were  generally  found  to  vary  with  measuring  frequency.  Since  rA  appears  to  be  inversely  pro- 
portional to  f^^^  at  higher  frequencies,  a hopping  conductivity^^ is  very  likely  occurring  in 
th^  heavily  compensated  bombarded  region.  A tunnel-assisted  hopping  mechanism  has  been 
reported  for  neutron-bombarded^^  and  ion-implanted^^  GaAs.  Hopping  theory  predicts  that  the 
real  part  of  the  Ac  conductivity  should  vary  as  w'’.  where  u = 2irf  and  n is  between  0.5  and  1.0 
(Ref.  22).  ThereSore,  above  some  frequency  f^,  rA  (which  is  inversely  proportional  to  e)  should 
vary  as  f'".  The  observed  dependence  corresponds  to  n S!  0.5.  The  imaginary  part  of  the  A(' 
conductivity  which  is  equal  to  a'[’(w),  where  I’(u>)  is  the  polarization  due  to  the  hopping  process, 
is  related  to  the  real  part  of  the  AC  conductivity  through  the  Kramers-Kronig  relation.  For  the 
hopping  process,  l’(w)  decreases  with  increasing  frequency,  and  therefore  the  capacitance  will 
decrease  with  increasing  frequency,  asymptotically  approaching  the  capacitance  expected  from 
the  usual  dielectric  constant  of  the  material.  This  is  the  capacitance  variation  observed.  The 
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capacitance  generally  decreases  with  frequencies  up  to  a few  hundred  kilohertz,  above  which  it 
is  essentially  constant. 


Although  this  study  is  by  no  means  exhaustive  and  in  fact  raises  several  issues  that  are 

possible  candidates  for  future  investigations,  it  does  show  that  for  at  least  n -GaAs,  a multiple- 

energy  proton  bombardment  is  superior  to  a single -energy  bombardment  in  creating  high- 

resistivity  layers,  and  that  an  appropriate  combination  of  a multiple -energy  bombardment  sched- 

IB  - 3 

ule  and  an  anneal,  which  can  be  at  a temperature  as  high  as  500”C  for  10  cm  material,  can 
result  in  10°  to  10  si -cm  layers  in  n -GaAs. 

J.  P.  Donnelly 
p.  J.  Leonberger 

C.  I,OW-lXDSBl  n-TYPE  ION  IMPLANTATION  INTO  Cr-DOPE'D  GaAs  SUBSTRATES 

Ion  implantation  in  GaAs  is  finding  many  applications  in  the  fabrication  of  microwave  and 
optoelectronic  devices.  For  some  of  these  devices,  such  as  MESFETs^^  and  planar  Gunn 
devices,  epitaxial  growth  can  be  eliminated  and  the  fabrication  simplified  by  implanting  donors 
directly  into  C'r-doped  semi-insulating  substrates.  For  these  applications,  however,  low -dose 
implants  (10*^  to  10*^  cm  must  be  utilized,  and  results  in  this  low-dose  regime  have  gen- 
erally not  been  reproducible  from  one  C'r-doped  ingot  to  another  due  to  the  considerable  varia- 
tion in  commercially  available  material.  Screening  can  be  used  to  select  C'r-doped  ingots,  but 
this  generally  results  in  less  than  .10  percent  of  the  ingots  being  acceptable.  In  this  section,  we 
wilt  first  present  some  results  of  low -dose  Se^  implants  into  several  different  C'r-doned  ingots. 
These  results  will  illustrate  the  substrate-related  variations  that  are  generally  observed.  We 
will  then  discuss  methods  of  reducing  or  eliminating  these  substrate  effects. 

Slices  with  (1001  surfaces  were  cut  from  the  did'erent  C / -doped  ingots  i/ivestigated.  These 
wafers  were  chemical-mechanically  polished  on  one  side.  Each  wafer  was  cleaved  into  several 
samples  which  were  free-etched  in  a freshly  prepared  solution  of  “ii I ,SO^;l  II2O2 :1  Sam- 

ples from  each  wafer  were  then  implanted  at  200'C  with  ^00-keV  Se  * ions  (or  for  ingot  32  58, 
400-keV  ions).  Otiier  samples  of  each  wafer,  which  were  processed  as  controls,  were  either 
not  implanted  or  implanted  with  400-keV  Kr^  ions.  The  implanted  or  polished  surface  of  all  the 
samples  (even  the  unimplanted  ones)  were  then  coated  with  500  to  700  A of  pyrolvtic  Si^N^.  The 
Si^N^  deposition  procedure  and  parameters  have  been  found  to  be  extremely  important  and  will 
be  discussed  below.  To  mechanically  protect  the  thin  Si^N  j during  subsequent  handling. 

»2000  A of  SiO^  was  pyrolytically  deposited  at  400"c  over  the  Si^N^.  The  samples  were  then 
annealed  at  900"C  for  15  min.  in  flowing  N^.  Since  900'c  is  most  likely  the  highest  tempera- 
ture that  will  be  used  in  annealing  ion-implanted  GaAs  (Refs.  29  through  34),  the  above  anneal 
procedure  seems  appropriate  for  in\  estigating  the  variations  between  fr-doped  ingots. 

•After  annealing,  the  SiO.,  and  Si.N,  layers  were  removed  in  111-.  To  minimize  contact 
234' 

effects  in  making  Hall  measurements  of  the  van  der  I’auw  type,  electrically  isolated  cloverleaf- 
shaped  mesas  were  defined  in  the  implanted  layer  using  eOOO  A of  pyrolytic  SiO,  as  an  etch 
mask.  Good  linear  contacts  were  obtained  by  alloyed  .Au-Sn. 

Figure  1-4  shows  the  sheet  carrier  concentration  vs  implant  dose  for  a series  of  400-ke\' 
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Se  implants  into  six  different  Cr-doped  GaAs  ingots.  .At  high  doses  ( 10  cm  ).  the  results  in 
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Fig.  1-4.  Sheet  carrier  concentration  vs 
dose  for  six  different  Cr-doped  GaAs  in- 
gots implanted  with  400-keV  Se"^  ions. 
Samples  were  implanted  bare,  encapsu- 
lated with  "slow”  pyrolytic  SijN^,  and 
annealed  at  900*C  for  15  min. 
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Cr-doped  GaAs  have  been  found  to  be  comparable  from  ingot  to  ingot.  For  the  low  doses  shown 
in  Fig.  1-4,  however,  the  ingots  tend  to  fall  into  three  general  classifications: 

(1)  Several  of  the  implanted  ingots  (SI-8,  SI-6,  and  SI-4)  exhibit  a sheet 
carrier  concentration  higher  than  the  implanted  (lose,  i.e  , excess 
carriers.  The  unimplanted  control  samples  of  these  ingots  (whicli 
were  encapsulated  and  annealed)  were  found  to  have  a thin  n-Upe  layer 
on  the  surface  which  had  a sheet  concentration  approximately  equal  to 
the  number  of  excess  carriers. 

(2)  Two  of  the  ingots  (SI-7  and  SI-5)  exhibit  very  low  activation  (^20  per- 
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cent)  with  a 10  -cm  implant  and  no  measurable  carriers  without  an 
implant,  i.e.,  excess  compensation. 

(3)  Only  one  (SI-3-9)  show'ed  the  optimum  result  with  botli  iiigh  activation 

down  to  low  doses  and  no  measurable  carriers  witliout  an  implant.  I or 
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SI-3-9,  the  sheet  carrier  concentration  and  mobility  were  H.5  x lO  cm 

2 / 12-2 
and  4500  cm  /V-sec,  respectively,  for  the  10  -cm  implant. 

Although  it  may  be  possible  to  vary  the  implantation  parameters  to  some  extent  in  each  ii.- 
got  to  compensate  for  the  excess  carriers  or  excess  compensation,  it  would  be  more  advanta- 
geous to  eliminate  or  reduce  the  variation  in  results  attributed  to  the  difference  between  sub- 
strates. The  ingots  that  exhibit  "excess  carriers"  will  be  discussed  first,  and  it  will  be  shown 
that  an  improved  deposition  procedure  can  reduce  or  eliminate  the  excess  carriers.  The 

ingots  that  exhibit  "excess  compensation"  will  then  be  discussed,  and  it  will  be  sliovMi  that  an 
ion-implantation  gettering  technique  can  reduce  or  eliminate  the  exi  ess  compensation. 

Surface  layers  of  excess  carriers  similar  to  those  observed  on  Sl-4,  SI-6-6,  and  Sl-8  liav<* 
been  observed  by  others  on  Cr-doped  GaAs  annealed  using  both  cliemical  vap«>'*-dcposited  Si^N^ 
(Ref.  36)  and  sputtered  (Ref.  26).  In  Ref.  36,  the  excess  carriers  were  corrolatod  to  the 


concentrations  of  Cr  and  Si  in  the  GaAs  substrates.  Although  we  have  made  mass  spectrographic 
analyses  of  all  the  ingots  used  in  these  experiments,  we  have  not  been  able  to  obtain  any  simple 
correlation  between  results  and  impurity  concentrations. 

To  determine  at  what  point  in  the  process  the  "excess"  n-type  skins  were  formed,  several 
additional  samples  of  SI-6-6  and  SI-8  were  encapsulated  with  Si^N^  but  not  annealed  at  900°C. 

The  n-type  skins  were  not  formed,  indicating  that  the  high-temperature  anneal  was  necessary  to 
form  the  n-type  skins.  Various  nitride  deposition  parameters  were  therefore  varied  in  an  at- 
tempt to  improve  the  encapsulating  quality  of  the  pyrolytic  Si^N^.  It  was  found  that  appropriate 
modification  of  the  encapsulation  procedure  could  in  fact  substantially  reduce  the  number  of  ex- 
cess carriers  on  those  ingots  that  fall  into  category  (1). 

All  the  data  shown  in  Fig.  1-4  were  obtained  using  what  will  be  referred  to  as  a slow  pyro- 
lytic SijN^j.  What  is  meant  by  a slow  nitride  is  outlined  in  Table  1-4.  The  procedure  for  depos- 
iting the  slow  pyrolytic  Si^N^  is  essentially  that  originally  described  in  Ref.  30,  except  that  the 
heating  time  to  reach  the  deposition  temperature  is  longer,  tor  the  slow  nitride,  the  Sill^,  am- 
monia and  nitrogen  dilution  flow  rates  are  established.  The  GaAs  substrate  is  then  heated  from 
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room  temperature  to  720”C  in  16  sec.  It  takes  an  additional  60  sec  to  deposit  a 500-A  SijN_j 
layer.  By  decreasing  the  heatup  time  and  increasing  the  growth  rate  of  tlie  SijN^,  the  excess 
carriers  observed  can  generally  be  reduced  substantially.  The  best  results  have  been  obtained 
using  essentially  the  same  deposition  procedure  used  in  the  fabrication  of  ion-implanted  lo-hi-Io 
IMPATT  diodes.^^  Films  deposited  by  this  process  will  be  referred  to  as  fast  pyrol.vtic  SijN^. 
The  growth  rate  of  the  Si^N^  vvas  increased  by  increasing  the  flow  rates  of  the  reactant  gases  to 
500  scc/min.  of  5-percent  Sill^  in  further  diluted  in  500  scc/min.  of  N^,  and  1000  scc/min. 
of  NTl^  diluted  in  250  scc/min.  of  N2.  Since  it  was  observed  that  the  silane  could  react  at  room 
temperature  with  ti'ace  amounts  of  oxygen  in  the  reactor  chamber  causing  a predeposition  on 
the  sample,  for  the  fast  nitriile  the  samples  were  heated  tc  200°C  before  the  introduction  of  the 
silane,  eliminating  the  predeposition.  With  all  the  gases  present,  the  sample  is  heated  from 
200°  to  690°C  in  6 sec.  It  takes  nine  additional  seconds  at  690°C  to  deposit  a 500-A  film  of 
silicon  nitride. 

Table  1-4  summarizes  the  results  obtained  on  ingots  SI-6-6  and  SI-8  with  the  slow  and  fast 
nitrides.  Every  sample  of  these  two  ingots,  which  were  annealed  with  a fa^  nitride  encapsula- 
tion, had  an  excess  sheet  carrier  concentration  which  was  substantially  les.s  than  that  observed 
with  a slow  nitride.  Ingot  SI-8  has  shown  the  largest  number  of  excess  carriers  that  we  have 

observed  on  any  ingot,  but  even  here  the  fast  nitride  reduced  the  excess  surface  electrons  with- 
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out  an  implant  from  4.2  X 10  cm  to  1.8  X 10  cm  . For  unimplanted  samples  of  .SI-6-6 
annealed  with  a fast  nitride,  the  excess  carriers  were  reduced  to  a small  fraction  of  a typical 
FET  or  Gunn  channel  implant  dose.  The  lowest  value  observed  with  a fast  nitride  was  6 x 

10^^  cm  while  the  highest  was  2 X 10^^  cm  The  average  excess  sheet  concentration 
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without  an  implant  was  1X10  cm  . On  control  samples  of  SI-6-6  that  were  implanted  at 
200°t'  with  400-keV  Kr^  ions,  the  excess  surface  conduction  was,  if  aiudhing,  smaller  than  that 
observed  on  unimplanted  control  samples.  With  a 1 X 10^^  cm  ^ Se  implant,  samples  of  SI-6-6 
which  were  encapsulated  with  a fast  nitride  exhibited  sheet  concentrations  of  (6  to  '*)  x 10*  ' cm 
The  percent  scatter  in  these  data  should  bo'  much  less  at  the  more  typical  channel  im))lanl  doses 
of  (,^'2)  X 10*^  cm'^. 


SULFUR  ION  DOSE 


Fig.  1-5.  Sheet  carrier  concentration  vs  dose  for  400-keV'  S^-implanted 
Cr-doped  GaAs  ingot  32  58.  Samples  were  implanted  bare,  encapsulated 
with  a slow  or  fast  Si^N^,  and  annealed  at  gOO'C  for  15  min. 


TABLE  1-5 

THE  EFFECTS  OF  ION-IMPLANTATION  DAMAGE-GETTERING 

ON  THE  ACTIVATION  OF  400-keV  Se'"  IONS  IMPLANTED 
INTO  Cr-DOPED  GaAs  INGOT  SI-7.  ALL  THE  SAMPLES 
WERE  ANNEALED  AT  900°C  FOR  15  MINUTES. 

1 

1 

-2 

Sheet  Carrier  Concentration  (cm  ) 

GaAs 

SI-7 

No  Implant 

' 12+2 
1 X 10  Se  /cm 

Wifhoufr 

geftering 

Not  measuroble 

1.9xlo'' 

With  Ne”^ 
gettering 

Not  measurable 

i 
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On  a more  recently  acquired  ingot,  number  3258,  excess  carriers  were  reduced  to  an  un- 
measurable value  using  the  fast  nitride.  Figure  1-5  shows  the  results  of  some  sulfur  implants 
into  this  crystal  of  C'r-doped  GaAs.  With  the  slow  Si^N^  procedure,  excess  carriers  were  ob- 
served. With  the  fast  Si,N.,  there  were  no  measurable  excess  carriers  without  an  implant  and 
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a reasonable  activation  (N^  = 6.3  x 10  cm  ) was  achieved  for  a 10  -cm  S implant. 

For  ingots  in  which  there  is  a low  activation  of  implanted  ions  at  low  doses,  another  pro- 
cedure — ion-implantation  damage-gettering  — has  resulted  in  a reduction  in  excess  compensa- 
tion. Ion-implantation  damage-gettering  in  GaAs  has  been  used  previously  to  reduce  the  out- 
diffusion  of  compensating  impurities  or  defects  from  the  Cr-doped  substrate  into  epitaxial 
layers.^^  A sample  of  ingot  SI -7  was  bombarded  at  room  temperature  with  1x10  -cm 
■400-keV  Ne^  ions  and  then  annealed  for  16  hr  with  an  Si^N^  cap.  After  anneal,  the  SijN^  was 
removed  by  reactive  ion  etching  using  a mi.xture  of  5-percent  and  Cl'^-  I'l'e  plasma  etch 
was  necessary  for  nitride  removal  because  the  usual  IIF  chemical  technique  left  a film  of  rela- 
tively inert  material  on  the  surface,  which  interfered  with  subsequent  chemical-etch  steps. 

A 3-um  laver  was  then  removed  from  the  Ne^-damaged  surface  using  a room-temperature 
51FSO,  :1 11,0, : 1 IFO  etching  solution.  Implants  were  made  into  the  same  surface  that  was  pre- 
viously  damaged.  Further  details  of  the  gettering  procedure  can  be  found  in  Kef.  37. 

Table  1-5  summarizes  the  implantation  results  obtained  on  gettered  and  nongettered  sam- 
ples of  Cr-doped  ingot  Sl-7.  For  the  sample  which  was  not  gettered,  a 10^^-cm  Se^  implant 
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resulted  in  a sheet  carrier  concentration  of  only  1.9  x 10  cm  . This  can  be  compared  with 
an  Ne^-gettered  substrate  in  which  no  excess  carriers  could  be  measured  without  an  implant, 

while  for  a 10^^-cm  ^ implant,  a sheet  carrier  concentration  of  8 x 10^^  cm  with  a mobility 
2 

of  4300  cm  /V-sec  was  measured. 

In  conclusion,  it  has  been  shown  that  when  low-dose  n-type  implants  are  made  directly  into 
Cr-doped  GaAs,  anomalous  results  are  obtained  on  a large  percentage  of  commercially  avail- 
able ingots.  The  variation  between  different  materials  may  result  in  a thin  n-type  skin  of 
"anomalous  excess  carriers"  in  some  ingots,  and  a low  activation  of  the  implanted  ions  in 
others.  On  the  ingots  that  show  excess  carriers,  an  improved  encapsulation  procedure  can 
substantially  reduce,  and  in  some  cases  eliminate  entirely,  the  excess  sheet  concentration. 

On  the  ingots  that  show  low  activation,  an  ion-implantation  damage-gettering  technique  can  be 
used  to  increase  the  activation  of  implanted  ions  to  ^80  percent.  I'hese  procedures,  when  used 
prudently,  should  encourage  a wider  use  of  fabricating  ion-implanted  devices  directly  in  C'r- 


doped  semi -insulating  GaAs. 


J.  F.  Uonnelly  W.  T.  Lindley 
C.  O.  Bozler  G.  A.  Ferrante 


O.  SURFACE  OUTUIFFUSION  IN  n-CdTe 

Schottky-barrier  capacitance  measurements  have  revealed  that  moderate  heating  of  n-type 
CdTe  wafers  produces  a large  drop  in  carrier  concentration  near  the  surface.  These  compen- 

O 

«?ated  layers  (about  1000  A thick  for  a 60-min,,  150®C’  heat  treatment)  can  be  vei'v  detrimental 
to  many  devices,  particularly  photoemitters.^^  This  effect  is  presumably  due  to  outdiffusion 


of  cadmium. 
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The  measurements  were  carried  out  on  bromine-doped  Cd'l'e  wafers  with  4.5  x 10  caj  - 
riers/cm^,  and  on  indium-doped  wafers  with  about  2 x 10^^  carriers/cm^.  The  wafers  were 
polished  and  etched  in  10-percent  bromine-methanol,  and  then  heated  either  in  air  or  in  a ni- 
trogen ambient;  9-mil-diameter  gold  Sehottky  barriers  were  then  electroplated  onto  one  surface 


in  I U9«| 


depth  into  surface  Vml 


Fig.  1-6.  Carrier  concentration  as 
a function  of  depth  into  surface  of 
CdTe  wafers  heated  for  60  min.  at 
different  temperatures. 


through  a photoresist  mask.  Heating  during  the  photomasking  procedure  was  roughly  equivalent 

to  heating  for  1 hr  at  75°C.  Capacitance-voltage  measurements  at  1 Mllz  were  maiie  on  several 

devices  on  each  wafer.  Figure  1-6  shows  the  carrier  concentration  as  a function  of  depth  into 

the  surface  for  five  typical  60-min.  anneals.  Concentration  profiles  given  by  the  solid  lines 

were  obtained  from  differential  capacitance  data,  i'he  dashed  lines  are  extrapolations  based 
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upon  the  zero-bias  capacitance  data  and  assuming  a 0.71 -V  barrier  height  between  the  gold 
and  CdTe.  This  barrier  gives  rise  to  a depletion  layer  at  zero  bias  of  about  400  and  2000  A in 
the  In-  and  Br-doped  samples,  respectively. 

The  exact  value  of  carrier  concentration  at  the  surface  of  the  annealed  wafers  is  not  known; 
however,  it  is  clearly  orders  of  magnitude  below  the  bulk  value.  Considerable  variation  from 
anneal  to  anneal  was  foumi  which  did  not  seem  to  be  a function  of  ambient  conditions.  For  ex- 
ample, the  outdiffusion  depth  (defined  as  the  depth  where  the  carrier  concentration  was  one-half 
the  bulk  value)  for  the  2S0”C  anneals  varied  from  0.12  to  over  1 pm.  Coating  the  walei-s  with 
either  4000  .A  of  sputtered  ZnS  or  3000  A of  pyrolydic  Si(3,  before  annealing  did  not  retard  the 
outdiffusion  effect.  Indeed,  the  5 min.  at  350°C  required  to  deposit  the  SiO^  produced  more 
outdiffusion  than  the  60-min.,  260  C anneal.  Other  coatings  are  currently  being  explored. 

1).  I..  Spears 

K.  UQtni)-BIIA.SK  KPI  I’AXIAI.  GHOU  l ll  OF  rbS,  _^.Se^  A1  I OYS 

The  double-heterostructure  (1)11)  configuration  has  made  it  po.s.sible  for  l’bj_^Sn^re  diode 
lasers  to  routinely  operate  C\V  at  liquid-nitrogen  temperaturi'  and  abme.  I'lie  sliort  wavelength 
limit  of  these  diodes  is  ~6  pm,  which  corresponds  to  the  energy  bandgap  of  I’lil'e.  l’bSj  _^Se^ 
1)11  diodes  could  extend  the  wavelength  range  to  1 pin,  which  corresponds  to  the  bandgap  of  I’bS. 
Recently,  I’reier  et  ah**  have  demonstrated  CVt  operation  up  to  ‘‘(^  K with  rb.S^_^Se^  Dll  diodes 
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grown  by  the  hot-wall  epitaxial  teclmique.  We  report  here  on  a preliminary  investigation  of  the 
liquid-phase  epitaxial  (LPH)  growth  of  PbSj  j^Se^  from  I'b-rich  growth  solutions.  Several 
growth  problems  have  been  identified,  and  some  progress  has  been  made  toward  solving  them. 
Growth  of  the  preferred  structure,  consisting  of  two  n-tvpe  epitaxial  layers  on  a p-type  sub- 
strate, probably  can  be  made  only  if  a high  sulfur  pressure  is  maintained  in  the  growth  tube, 
preventing  the  rapid  loss  of  sulfur  from  the  substrate  and  the  resulting  carrier-type  conversion 
that  has  occurred  in  our  experiments. 

Growth  of  high-quality  epitaxial  PbS  and  FbS^  x^*^x  considerably  more  difficult 

than  that  of  Fb^  ^Sn^Te.  An  atmosphere  other  than  ll^  must  be  used  because  of  the  partial  con- 
version of  the  sulfur  component  of  the  FbS  substrate  to  ll^S  at  growth  temperatures.  We  have 
generally  used  helium  gas  passed  over  a titanium  getter  to  remove  O^,  and  on  occasions  we 
have  successfully  used  nitrogen.  A more  difficult  problem  is  the  lack  of  a suitable  etch  that 
gives  a highly  polished  surface  on  the  FbS  substrate.  Hot  aqua  regia  yields  a better  surface 
than  other  etches,  but  it  leaves  a surface  roughness  of  ~0.1  pm  (see  Ref.  42).  This  surface  is 
similar  in  appearance  to  the  vapor-etched  surfaces,  caused  by  the  action  of  II^  at  temperatures 
above  500°C,  that  must  be  prevented  for  successful  LFE  growth.  Surfaces  that  have  been  me- 
chanically etch-polished  are  reasonably  smooth  and  have  been  used  for  most  of  our  studies, 
with  the  recognized  disadvantages  of  some  surface  damage  and  probably  some  surface  oxidation. 

Liquidus  data  for  solutions  of  Fb^  and  Fb^  (,qSeQ  ^^1^  are  shown  in  Fig.  1-7.  For 

the  comparison  of  I.FE  grow'th  of  these  materials  with  the  Fbj  ^Sn^Te  alloys,  we  note  that  the 
solubility  of  S in  Fb  over  the  growth  temperature  range  of  450°  to  700°C  is  roughly  ten  times 
less  than  that  of  I’e  in  Fb.  Furthermore,  only  a degree  or  two  of  undercooling  of  the  Fb^_^Sy 
solution  is  possible.  This  undesirable  characteristic  can  be  overcome  in  the  case  of  FbTe 
growth  by  cooling  at  rates  in  excess  of  l°f  /min. , which  apparently  drives  the  solution  down- 
ward in  temperature  fast  enough  to  give  an  adequate  nucleation  density  for  smooth  growth. 

Cooling  rates  in  excess  of  20°C/min.  have  been  necessary  to  produce  continuous  growth  of 
PbS,  presumably  because  of  the  lower  solubility.  Figure  1-8  shows  a photomicrograph  of  a 
layer  grown  at  20  ’C/min.  I’here  is  some  evidence  that  the  waviness  could  be  reduced  by  more 
accurate  orientation  of  the  substrate  to  the  <100>  direction  (see  p.  12  in  Ref.  38).  Growth  on 
a (111)  surface  did  not  yield  good  films,  nor  did  attempts  at  using  meltback  to  etch  the  surface. 

The  preferred  geometry  for  a Fb-salt  Dll  diode  laser  consists  of  a p-t>"pe  substrate,  an 
n-  or  p-type  active  layer,  and  an  n-tvpe  final  layer.  Either  by  masking  before  grow'th  or  by 
mesa-etching  after  growth,  a stripe  geometry  is  formed  with  the  broad-area  contact  on  the 
p-type  substrate;  this  configuration  is  preferred  because  of  the  greater  difficulty  in  making  low- 
resistance  contacts  to  the  p-type  material.  An  important  factor  to  the  success  of  the  Fb^  ^Sn^Te 
heterostructure  lasers  was  discovering  that  1'1-doped  FbTe  remains  p-tvpe  when  Fb-saturated 
and,  in  particular,  when  the  substrate  is  contacted  with  the  metal-rich  growth  solution.  Unfor- 
tunately, there  is  no  known  impurity  that  will  keep  FbS  p-type  when  Fb-saturated.  It  was  our 
hope  that  a rapid  LFE  growth  (several  minutes)  and  cool-down  would  cause  only  a small  shift 
of  the  p-n  junction,  and  the  advantages  of  the  1)11  diode  would  be  retained. 

This  optimism  was  ill-founded  for  several  reasons.  Although  the  epilayers  can  be  grown 
in  several  minutes,  heating  the  furnace  and  establishing  starting  conditions  takes  half  an  hour 
or  more.  The  sulfur  pressure  over  sulfur-rich  (i)-type)  FbS  can  amount  to  several  atmospheres 
at  LFE  growth  temperatures;  consequently,  just  covering  the  substrate  to  protect  it  from  direct 
exposure  to  the  atmosphere  during  this  time  will  not  prevent  loss  of  sulfur  and  type  conversion. 
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Fig.  1-7.  I.iquiilus  data  for  growth  solutions  of  (O) 

and  Fi'j  (•),  which  were  taken  by  visual 

determination  in  a transparent  furnace. 


I ig.l-".  I’hotomicrograph  of  l“bS  I.l’F 
layer,  several  niicronieter.s  thick,  grown 
on  rbS  substrate  of  1 1001  orientation, 
fooling  rate  was  in  excess  of  20'f/niin. , 
and  growth  was  initiated  at  ~-600°f. 


I'he  lower  the  growth  temperature  the  less  the  loss  of  sulfur,  but  the  low  solubility  makes  it  dif- 
ficult to  grow  continuous  layers  below  ~SSO‘V.  The  loss  of  sulfur  also  causes  a surface  rough- 
ening. which  aggravates  the  nucleation  and  growth  problems.  We  have  tried  several  growths 
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on  substrates  w ith  p =»  3 X 10  cm  and  on  substrates  which,  in  addition,  were  IT -doped.  In 
all  cases,  most  or  all  of  the  substrate  converted  to  n-type,  and  surface  roughness  prevented 
good  growth. 

From  this  preliminary  study,  it  is  clear  that  other  approaches  are  necessary  to  make  1111 
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diodes  by  the  L1*E  technique.  Workers  at  Kockwell  have  found  that  it  is  possible  to  grow 

p-tvoe  epilayers  of  PbS  from  solutions  containing  Ag.  This  is  unexpected,  because  Ag-doped 
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PbS  has  not  remained  p-type  when  Pb-saturated,  nor  does  Ag  doping  give  p-type,  vapor- 
grown  PbS  (Ref.  43).  Another  approach  would  be  to  grow  an  entirely  n-type  heterostructure 
and  then  diffuse  in  a p-n  junction.  With  either  of  these  approaches,  one  would  have  to  settle 
for  the  less  desirable  p-on-n  structure.  An  alternative  would  be  to  provide  a sulfur-rich  atmo- 
sphere. possibly  using  H^S.  to  keep  the  substrate  p-type  prior  to  growth. 

S.  11.  Groves 
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II.  QUANTUM  ELECTRONICS 


A.  Ndl.a  PENTAPIIOSFHATE  LASERS 

3 

Because  of  the  availability  of  large  (~1  cm  ) crystals  of  Nd^I.a ^ ^ (NdLaFF),  we 

carried  out  calculations  and  preliminary  experiments  to  examine  the  feasibility  of  making  low- 
threshold,  high-efficiency  lasers  as  a replacement  for  low-power  Nd:YAG  lasers  in  some  appli- 
cations. With  larger-radius  cavity  reflectors  and  longer  crystals,  such  lasers  would  have  mode 
volumes  three  orders  of  magnitude  larger  than  the  NFF  lasers  which  we  have  previously  re- 
ported.* but  could  still  be  several  times  smaller  than  NdiY’AG  lasers. 

In  order  to  make  comparisons  among  several  configurations,  we  used  the  standard  laser 
rate  equations  and  generalized  them  to  allow  for  tlie  spatial  nonuniformity  of  both  the  laser 
mode  and  excitation  density.  To  avoid  undue  complexity,  the  calculations  were  carried  out 
only  for  low-excitation,  single-mode  lasers,  and  thermal  effects  were  neglected.  The  general 
steady-state  equation  describing  such  a laser  is: 


1 4 F(r) 


(I.  + T) 


excitation  rate^unit  volume 
Nd-ion  density 

effective  stimulated  absorption  cross  section  from  terminal 
laser  manifold 

effective  stimulated  emission  cross  section  from  iqjper 
laser  manifold 


l'(r)  - spatial  distribution  of  laser  mode 
i'  saturation  parameter 
w laser  mode  waist 
r spontaneous  fluorescence  lifetime 
1.  internal  laser  loss/round  trip 

T output  mirror  transmission. 

The  saturation  parameter  is  given  by  i'  -IF  ^"w'*l  where  F,  is  the  one-way  internal  laser 
power,  and  1 = hi  'o  r is  the  saturation  power  density.  The  mode  distrilnition  has  a standing- 

wave  sinusoidal  z variation,  and  a Gaussian  transverse  variation.  For  low  excitation  levels, 
the  integral  can  be  evaluated  by  first  expanding  the  tlenominator  to  order  i'^,  and  carrying  out 
the  spatial  integrals  and  the  implicit  integration  over  the  pump  wavelength  dependence  of  /IN. 

The  condition  i’  0 determines  threshold,  and  the  laser  power  can  lie  found  )>y  solving  the  equa- 
tion for  I’  ■ 0. 
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In  order  to  obtain  the  excitation  rate/unit  volume  /iN,  one  must  know:  (1)  the  (geometry  of 
the  excitation  source,  laser  rod,  and  ima/^ing  optics;  (2)  the  spectral  density  of  the  excitation; 
and  (3)  the  absorption  coefficients  of  the  laser  material.  We  have  carried  out  measurements 
of  the  absorption  spectr\im  in  Ndl.aPl’  and  t -percent  Nd:YAG,  and  have  performed  calculations 
for  items  (1)  and  (2)  in  which  the  pump  is  either  longitudinal  solar  excitation  or  transverse, 
tungsten  lamp  (black-body)  excitation. 

Because  of  the  large  number  of  variable  parameters  involved  in  the  comiiarisons,  the  re- 
sults are  too  lengthy  to  present  here  in  detail;  thus,  only  general  qualitative  results  will  be 
given.  I’irst,  Mdl.aPB  is  superior  to  Nd:YAG  for  broadband  transverse  excitation  because  of 
its  larger  pump  absorption.  The  effect  of  varying  the  Nd  concentration  is  quite  complex,  since 
it  simultaneously  changes  the  amount  and  distribution  of  pump  absorption,  the  fluorescence 
lifetime,  and  the  terminal-state  absorption  (resonant  loss).  The  numerical  calculations  show 
that  the  optimum  concentration  of  Nd  varies  with  pump,  laser,  and  cavity  parameters,  but  is 
fvpicallv  about  20  percent.  Comparing  Nd;YAG  and  Ndl.al'P  lasei  s capable  of  similai-  output 
power,  tlie  Ndl.aPP  laser  could  have  throe  times  lower  threshold,  and  ten  times  smaller  rod 
volume. 

.Second,  for  longitudinal  broadband  (i.e.,  solar)  excitation,  Nd:YAG  is  a slightly  better  laser 
material.  This  slight  superiority  depends  on  having  an  Nd:YAG  rod  long  enough  (typically,  about 
3 cm)  so  that  the  weaker  N'd:Y.AG  absorption  is  compensated  for  by  the  longer  rod.  It  should  be 
noted  tliat  we  have  used  a conservative  value  of  = 1.3  x 10  cm^  for  Ndl.aPP,  derived  from 
th('  data  of  Ref.  2.  If  the  value  of  - 2.0  x 10  cm  from  Ref.  3 were  used,  the  performance 
of  solar,  longitudinally  pumped  Ndl.aPP  and  Nd;YAG  lasers  would  be  comparable.  Typical 
.Ndl.aPP  parameters  would  be  10 -percent  Nd  concentration  and  1-cm  rod  length. 

We  have  begun  laser  experiments  in  evaluating  the  performance  of  larger  mode  volume 
Ndl.aPP  lasers,  using  a confocal  cavity  with  10-cm  mirror  separation.  This  gives  a mode 
waist  of  130  pm,  and  a mode  area  approximately  100  times  larger  than  in  previous  experiments 
with  a concentric  cavity.^  Using  chopped  dye  laser  excitation,  the  most  significant  result  so 
far  is  the  success  in  lasing  a 3.3-mm-long  crystal  of  Ndg  51-aQ  having  polished  'c' 

faces  as  the  laser  facets.  This  appears  to  be  the  most  practical  orientation,  since  it  allows 
use  of  the  highest  gain  'b'  polarization  for  the  laser  mode,  and  uses  laser  facets  normal  to  the 
c-axis,  which  is  the  easiest  plane  to  polish  well.  Crystallograpliic  twins  (corresponding  to 
different  orientations  of  the  monoclinic  space  group  axes)  which  appeared  because  of  cutting 
and  polishing  stresses  were  deliberately  not  removed  to  verify  that  they  liad  no  effect  on  the 
laser  performance  in  this  orientation.  This  is  the  first  direct  observation  of  lasing  perpen- 
dicular to  the  twin  walls  in  Ndl.aPP,  with  about  20  domains  being  present  along  the  3.3-mm 
crystal.  (In  Ref.  4,  a similar  geometry  was  reported,  but  because  of  their  mounting  method 
for  the  much  thinner  crystals,  any  domains  present  could  not  be  observed.)  We  are  continuing 
similar  experiments  witli  improved  thermal  mounting  of  the  laser  crystals  to  offset  the  larger 
heat  dissipation  in  the  increased  mode  volume. 

S.  R.  Chinn 

W.  K.  Zwicker^ 


t Philips  Laboratories,  Briarcliff  Manor,  New  3ork. 


B.  PASSIVE  y-SWITCHING  AND  FKEyLENCY  DOUfU-IN'G 


The  average  second -harmonic  power  generated  in  C'dGeAs^  using  a Q-switched  GC)^  laser 
has  been  limited  by  the  available  laser  power.^  To  obtain  increased  pump  power  while  operat- 
ing at  a high  pulse  rate,  we  are  now  using  a double-tube  system  with  an  intracavity  gas  cell 
which  can  be  filled  with  a saturable  absorber  to  passively  Q-switch  the  laser.  The  laser  is  de- 
signed to  operate  with  a flowing  gas  system  and  is  water-cooled.  The  optical  cavity  is  355  cm 
long  X 15  mm  diameter  and  is  presently  operating  with  a 100  </mm  grating  and  an  85-percent 
reflecting,  10-m-radius  GaAs  mirror.  In  addition,  there  are  two  gold-coated  mirrors  in  the 
cavity  to  "fold"  the  laser.  The  cell  containing  the  saturable  absorber  has  a median  length  of 
E.8  in.  and  uses  ZnSe  Brewster  windows.  With  the  evacuated  cell  in  the  cavity,  the  CW  laser 
output  power  on  the  P(20)  line  of  the  10.6-pm  band  is  20  W for  a tube  current  of  12.5  mA,  in- 
creasing to  30  W at  22.5  mA.  The  output  is  all  in  a single  CO^  laser  transition  line  and  is 
largely,  but  not  exclusively,  in  the  TEM^^  mode. 

1.  SF^  -Absorber  and  Frequency-Doubling 

The  laser  was  passively  Q-switched  by  the  addition  of  a mixture  of  SF^  and  He  to  the  intra- 
cavity cell.  The  pulse  repetition  rate  (PHR),  shape,  width,  and  stability  of  the  resulting  pulses 
are  complicated  functions  of  the  tube  current,  mode  quality,  and  transition  line  of  the  laser  as 
well  as  of  the  gas  mixture.  It  was  found  that  stable  Q-switched  pulses  of  the  P(20),  10.6-pm 
transition,  with  pulse  widths  between  200  and  250  nsec  and  PRRs  between  15  and  35  kHz  were 
obtainable  over  a fairly  broad  range  of  gas  mixtures.  -Most  frequency-doubling  experiments 
were  conducted  within  this  set  of  values. 


Fig.II-1.  Oscilloscope  ti  aces  of  passively 
C)-switched  CTH  laser  pump  pulse  and  cor- 
I espondmg  second-harmonic  pulse  for  16-kllz 
pulse  r ate.  I'pper  ti’aci*  tO.6  pm.  K 475  pj; 
lower  trace:  5.3  pm.  K 70  p.l. 


'1  hr’  second -hat  niomc  generatirm  was  olrtained  by  focusing  thi*  la.st’r  outpirt  onto  an  ,anti- 
r enectiirn  conterl  I’dfie.As^  cr  ystal,  as  prt'vioirsly  dr'scr  ibed.  ,\n  oScillosco|H'  tr  ace  show  irrg 
typical  shapes  of  both  the  passively  t^-switched  CO^  laser  pulse  and  the  corresponding  freqirency- 
doubled  pulse  are  given  in  Fig.  11-1.  The  Ci),  laser  pirlse  shown  has  a 225-nsec  wddth  IFWHMI 
with  a 16-kllz  PRR,  and  was  obtained  with  a gas  cell  mixttrre  of  0.25-Torr  SF|^  and  2.5-Torr  He. 

The  higher  power  levels  available  wrth  the  new  lasr-r  enabled  us  to  extend  our  previrnts  sHtdy 
of  .second -harmonic  generation.  The  results  are  giveit  in  I'ig.  H-2  where  it  is  serm  that  an  av- 
erage second -ha rmonic  powr^r  level  of  1 .u  \\  at  5,3  pm  lias  br'r^n  generated  h\  a (‘dtlr'As,  crystal 
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Fig.  11-2.  .\vei  age  socond-hai  nionic  power 
output  of  CdGcAsj  at  5.3  am  a.s  a function  of 
square  of  average  passively  Q-switclied 
pump  power  at  I’KH  - 20  kllz. 
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irradiated  from  a focused  10.6 -pm  pump  source  with  10.4  VV  average  power  at  a 20-kllz  I’KK. 
This  is  almost  2.5  times  the  highest  value  (0.79  W)  previously  reported.^  The  1.9-W  point  in 
Fig.  11-2  falls  below  the  value  expected  for  a square-law  relationship,  which  is  given  by  the 
straight  line.  This  indicates  the  onset  of  saturation  effects.  However,  complete  saturation  has 
not  occurred,  nor  has  the  damage  threshold  of  the  crystal  been  reached,  so  we  can  reasonably 
anticipate  further  increases  in  average  power. 

2.  Freon  12  .Absorber 

The  use  of  SB'^  as  the  saturable  absorber  limits  passive  Q-switching  to  portions  of  the  r 
branch  of  the  10.6-pm  band.  It  is  desirable  to  obtain  stable  Q-switched  pulses  on  CO,  laser 
lines  which,  when  doubled,  are  coincident  with  CO  absorption  lines.  The  appropriate  CO,  laser 
lines  are  P(24),  R(8),  R118),  and  R(30)  of  the  9.4-p.m  band,  f'reon  12  (CF,C1,,  has  been  re- 
ported  to  act  as  a saturable  absorber  for  passive  Q-switching  of  the  three  R-branch  lines.  We 
investigated  using  Freon  12  with  our  laser,  and  obtained  Q-switched  pulses  of  the  R(181  and 
R(30)  lines.  However,  the  gas  pressure  range  over  which  Q-switching  could  occur  was  very 
limited.  In  addition,  the  power  output  had  to  be  low  (~5  W),  the  pulses  were  generally  unstable, 
with  the  PRR  limited  to  values  between  110  and  150  kHz  and  pulse  widths  near  1.5  psec.  These 
results  indicate  that  Freon  12  is  unsuitable  in  a passively  Q-switched  Ct)^  laser  for  obtaining  a 
stable  output  which  when  doubled  would  be  in  coincidence  with  CO  absorption  lines. 

B'reon  12  can  also  be  used  as  a saturable  absorber  in  the  P branch  of  the  10.6-pm  band. 

In  this  spectral  range,  we  were  able  to  obtain  high-energy  and  stable  Q-switched  pulses.  How- 
ever, the  PRR  was  limited  to  high  values  (~100  kHz),  with  pul.se  wifiths  between  700  nsec  and 
1 psec.  This  makes  Freon  12  less  effective  than  .SF^  for  obtaining  efficient  second-harmonic 

generation  in  the  10.6-pm  band.  ,,  , 

Menyuk 

P.  F.  Moulton 
C.  VV.  Iseler 
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C.  RESONANT  INFRARED  THIRD- HARMONIC  GENERATION 
IN  CRYOGENIC  LIQUIDS 

Resonance  enhancement  of  the  nonlinear  susceptibilities  of  gaseous  media  can  lead  to  effi- 

q 

cient  frequency  conversion.  In  simple  molecular  liquids,  e.g..  N-,  and  O., , two-photon  resonant 

^ ^ to 

processes  (such  as  v'ibrational  Raman  scattering)  can  have  extremely  narrow  linewidths  - one 
to  b.vo  order.s  of  magnitude  narrower  than  typical  linewidths  of  infrared  (single-phoion)  absorp- 
tion bands.  These  narrow  linewidths  also  describe  the  resonance  properties  of  third-harmonic 
generation  (THG)  for  the  case  of  a two-photon  resonance  between  the  pump-laser  frequency  and 
the  molecular  vibrational  frequency.  VVe  report  the  first  investigation  of  this  two-photon  reso- 
nant THG  in  liquid  media,  specifically  the  tripling  of  CO^  laser  radiation  in  liquid  CO  diluted 
with  N,,  O,,  and  .^r.  The  results  indicate  that  a very  narrow  two-photon  linewidth  also  occurs 
for  the  heteronuclear  diatomic  CO.  Using  a tight  focusing  geometry  to  compensate  for  the  nega- 
tive dispersion  of  the  liquid  CO  medium  between  9.3  and  3.1  pm.  we  obtained  a power-conversion 
efficiency  of  0.3  percent  for  the  CO^  R(6)  line  at  106P.01  cm  *.  The  effects  of  various  solvents 
on  the  CO  two-photon  resonance  were  observed.  Phasematching  vvas  demonstrated  by  adding  a 
positively  dispersive  molecule  to  the  liquid  mixture. 

Previously,  Bey  et  al_.  * ^ reported  phasematched  THG  in  a room-temperature  organic  liquid 
using  a LOb-pm  pump  laser.  However,  the  efficiency  was  low  because  the  third-order  suscepti- 
bility was  nonresonant.  The  highest  reported  efficiency  for  THG  of  CO,  laser  radiation  is 

“6  ^ 
to  for  the  chalcopyrite  CdGeAs^  (Ref.  12).  Recently,  THG  in  CO  gas  at  pressures  up  to  a few 

atmospheres  has  been  investigated.*^’*^  In  this  case,  is  resonantly  enhanced  for  the  GG^ 

pump  lines  R(8)  and  R(IO)  at  9.3  pm,  which  are  in  trvo-photon  resonance  with  the  vibrational- 

(3) 

rotational  lines  of  the  CO  Q-branch  transition.  .Above  a pressure  of  a few  atmospheres,  \ 
begins  to  saturate  due  to  pressure  broadening  of  the  resonant  transitions.  .At  still  liigher  pres- 
sures and  at  liquid  densities,  however,  the  discrete  vibrational-rotational  lines  overlap,  and 

the  envelope  of  the  C^-branch  collapses  into  a narrow  line  due  to  motional  narrowing  effects,* 

( 3) 

which  substantially  enhances  the  peak  value  of  x • Coupled  with  this,  the  laser-induced  break- 
down threshold  reaches  a minimum  near  20  atm  and  then  increases  again  at  higher,  pressures.' 
Consequently,  liquid  CO,  at  a density  corresponding  to  a pressure  of  700  atm  at  23°C,  is  ex- 
pected to  be  an  efficient  system  for  THG. 

-A  grating-controlled,  TEM^^  mode,  spontaneously  mode-locked,  CO^  TE.A  laser  with  a 
pulse  width  of  170  nsec  (FVVHM)  for  the  R(6)  line  at  9.35  pm  was  used.  The  laser  out|nit  was 
kept  constant,  and  the  energy  incident  on  the  Dewar  containing  the  cryogenic  liquid  was  con- 
trolled using  CaFj  attenuators  and  measured  with  a Gen-Tec  ED-200  .Toule  meter.  Tlie  exter- 
nal windows  were  BaF^;  both  BaF^  and  ZnSe  cold  windows  were  used.  The  litjuid  path  lengtli  f 
was  5.8  cm.  The  laser  beam  was  focused  into  the  center  of  the  Dewar  with  a 9.5-cm,  f.l.  ZnSe 
lens  that  gave  a spot  size  of  about  99  pm  (confocal  parameter  b - 0.81  cm).  The  CO,  radi- 
ation was  blocked  from  the  detector  (InSli  or  Ge:Au)  with  5-mm-l.il'  and  (.-mm-quartz  filters. 

For  accurate  measurements  of  conversion  efficiencies,  a Laser  t’recision  RkU-335  energy 
meter,  calibrated  against  the  Gen-Tec  .loule  meter,  was  used. 

Figure  11-3  shows  the  third -harmonic  signal  generated  in  the  tight  focusing  limit  in  CO  di- 
luted with  different  solvents  using  the  CO,  R(6)  lino  at  9.35  pm  as  the  pump.  The  CO  concen- 
tration was  monitored  by  measuring  the  peak  absorbance  of  the  second  vilirational  overtone 
transition  near  633u  cm  *.  The  relative  CO  peak  absorbance  is  not  exactly  proportional  to  the 
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Fig.  11-3.  Concentration  dependence  of  TUG  in  CO  diluted  in  different 
solvents  at  constant  laser  power  (T  = 77  K,  f = 5.8  cm,  b ^ 0.81  cm). 
Maximum  of  calculated  curve  has  been  arbitrarily  set  equal  to  maxi- 
mum of  CO-O,  e.xperimental  curve. 
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Fig.  II-4.  I.inewidth  (F\\  IIM)  and  peak  jjosition  of  CO  second  vibrational 
overtone  v.s  relative  CO  peak  absorbance  at  second  overtone  transition 
measured  for  three'  solvents. 


CO  concentration  since  tlie  linewidth  of  the  second  overtone  transition  is  weakly  solvent-dependent, 
as  shown  in  Fi{<.  11-4.  (The  linewidths  in  the  figure  are  corrected  for  the  5.5-cm  ^ spectropho- 
tometer resolution  by  squaring  the  measured  linewidth  and  the  resolution,  and  taking  the  square 
root  of  the  difference.) 

The  most  efficient  system  for  TlKi  is  the  CO-O2  solution.  Furthermore,  its  observed 
laser-induced  breakdown  threshold  is  also  at  least  a factor  of  two  higher  than  that  of  the  CO-Ar 
mixture.  For  the  CO-t),  system,  at  a relative  CO  peak  absorbance  of  0.125  (0.1  molar  CO  con- 
centration), we  measured  a maximum  third -harmonic  power-conversion  efficiency  of  0.3  per- 
cent with  60  m.i  focused  into  the  liquid.  The  third-harmonic  signal  increased  as  the  input  power 
cubed  up  to  the  laser-induced  breakdown  threshold  of  the  liquid  at  390  ,l/cm  (area  ttw^/Z). 
There  was  no  evidence  of  saturation.  At  present,  we  do  not  know  if  this  breakdown  threshold 
represents  an  intrinsic  value  for  the  CO-O^  mixture  or  if  it  can  be  increased  l>y  further 
purification. 

We  also  e.xamined  briefly  TlKi  using  the  C'O^  H(4)  and  K(B)  lines  at  1067.54  and  1070,46  cm  , 
respectively.  Wo  find  that  for  pure  CO  liquid  the  11(4)  and  K 8)  lines  produce  a third-harmonic 
signal  less  than  1 percent  of  tlie  signal  generated  by  the  K(6)  line.  This  result  implies  bounds 
of  0.6  cm'^  for  the  linewidth,  Aoi/27rc,  and  2138.0  ± 0.3  cm'^  for  the  center  frequency,  oj  -'2tc, 

/ O 3 

of  the  two-photon  resonance  of  \ . For  the  CO-N^  mixture,  the  resonance  is  broader  and  the 

ratios  between  the  third -harmonic  signals  produced  by  the  H(6)  compared  with  the  H(4)  and  H(8) 
lines  are  about  10:1  at  a CO  relative  absorbance  of  0.19.  In  contrast,  the  ratios  for  the  C'O-t)^ 
’nd  CO-Ar  mixtures  are  larger  than  100:1  at  similar  CO  concentrations. 

The  TIK!  power-conversion  efficiency,  given  by  Eq.  (4)  of  Uef.  13,  is  proportional  to  | 

2 2 2 
and  to  1 9 r,  where  9 is  the  phase-mismatch  integral;  ‘1  reduces  to  | ‘1  | ; (itAkb)  exp  fAkbl  for 

Ak  >'  0 and  1 3 1“^  - 0 for  Ak  ? 0 in  the  tight  focusing  limit  (b  « f ),  where  Ak  ^ k,  - 3k,  is  the 

* (3\  ^ * 

wavevector  mismatch.  The  dominant  term  in  x for  CO  in  the  case  of  a vibrational  two-photon 

, 13,14 

resonance  is  given  by 


(3)  da'’/dn  N 

' 2,  I 3 / ' 3'  w - 2w,  - iAw/2 

u fl  ' ' U-  U'  O I 

()  r s 


(II-1) 


where  ((1/  < 21  '3|‘'  i.s  tlie  local  field  correction,^^  and  N is  the  CO  density.  Tlie  Raman  pumii 
and  Stokes  frequencies  w and  are  those  used  in  measuring  do*'/dSl,  which  is  the  narrow 
linewidth  component  of  the  Raman  scattering  cross  section  associated  with  the  spherically  sym- 
metric  part  'if  the  Raman  polarizability  tensor.  ’ In  addition,  there  is  a weaker,  broad- 
luK'width.  .scattering  component  associated  with  the  traceless  anisotropic  corniionent  y'  of  tlie 
pol.irizabilitv  tensor.  We  dc'termino  da' Alii  ^ 4.3  X t 0*^^  em^sr  ' (\  514.5  nm)  from  the 

measured  total  0-branch  Raman  scattering  cross  section,  which  includes  a negligibly  small 
contribution  from  this  broader  scattering  comtionent. 

The  d.ashed  curve  in  Fig.  11-3  gives  the  calculated  CO  concentration  dependence  of  the  third- 
harmonic  power  neglecting  any  ('fleets  of  the  solvent  on  the  resonance  and  any  solvent  dis- 
persion. W ilh  tlu'se  assumptions,  both  and  Ah'*  vary  linearly  with  N,  and  the  optimum 
third-harmonie  effieiency  is  obtained  by  maximizing  1“^,  which  occurs  for  Ak  4/b. 


t Ak  6ti(n 


Ui)A, 


where  n. 


|6|(|/  I 2)/3|‘^n1pj^,  |^/(45n\ 


ol'C'i', 


cf.  Refs.  5 and  '>, 
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In  pure  CO  liquid,  the  coherence  length  | i\/Ak\  0.058  cm  is  too  short  to  allow  optimizing  | i 1^ 
by  varying  b with  practical  infrared  optics. 

The  differences  between  the  experimental  curves  arise  because  of  the  solvent  dependences 
of  the  two-photon  resonance  frequency  and  linewidtti.  Figure  11-4  shows  the  dependence,  mea- 
sured by  linear  absorption,  of  the  peak  position  of  the  second  vibrational  overtone  in  CC)  on  the 
concentration  of  the  thre<  solvents  used.  Note  that  as  the  shift  between  the  liquid -solution  peak 
position  and  the  gas-phase  band  center  (6350  cm  S increases,  the  observed  linewidth  decreases. 
By  taking  advantage  of  the  solvent  shift,  it  is  possible  to  fine-tune  the  vibrational  transition  for 
optimum  THG.  In  pure  CO  liquid,  the  position  of  the  two-photon  resonance  can  be  estimated  by 

extrapolating  the  measured  Haman  shifts  in  high-pressure  CO  gas.*  ^ This  gives  a.  /Znc  - 

-1  -1  ^ 

(2138.1  ± 0.21  cm  , close  to  the  doubled  CO^  R(6)  frequency  of  2138.03  cm  . We  estimate 

for  diluted  CO  niixtures  by  taking  one-third  of  the  second  overtone  absorption  solvent  shifts. 

For  the  optimum  CO-O,  mixture  (0.1  molar  CO  concentration),  we  estimate  a resonance  mis- 
- 1 

match  of  0.4  cm 

The  fundamental  vibrational-rotational  single-photon  absorption  linewidths  of  liquid  CO 
mixtures'^'^  (approximately  equal  to  the  second  overtone  absorption  linewidths  of  Fig.  II-4)  are 
primarily  determined  by  molecular  reorientational  motions.  In  contrast,  the  two-photon  reso- 
nance linewidth  Aa'  associated  with  o'  is  much  narrower,  since  it  does  not  depend  upon  reorien- 
tational effects  except  through  the  vibrational-rotational  interaction  which  determines  the  split- 
tings of  the  Q-branch  components.*^  There  are  two  contributions  to  Aa  determined  by  (11  the 
dephasing  of  the  vibrational  transition,  and  (2)  the  motionally  narrowed  width  of  the  Q-branch. 

This  latter  contribution  should  be  about  the  same  in  CO  as  in  N,,  since  the  molecular  constants 

- 1 ^ 

are  similar,  it  is  of  the  order  of  0.07  cm  (Ref.  101,  independent  of  solv'cnt  effects.  The  vi- 
brational dephasing  time,  however,  is  probably  shorter  in  CO  than  in  N,,  since  CO  has  a dipole 
moment.  .'\n  upper  limit  for  the  dephasing  time  can  V>e  roughly  estimated  from  the  vibrational 
exchange  time  scaled  from  gas-phase  data;  * this  gives  10  psec  (Ao.'  '2sc  - 1 cm  *1  for  pure  CO 
liquid.  By  diluting  CO  in  a solvent,  we  expect  this  linewidth  contribution  to  decrease  linearly 
w.th  Co  concentration.  For  the  optimum  CO-O^  mixture,  we  estimate  a total  linewidth  of 
0.2  cm  * . 

When  we  insert  the  above  values  for  daVdR,  Aa  , and  u - 2a' ^ into  Eq.  (ll-l)  and  use 
n 1.23  estimated  from  low-pressure  CO  and  O^  gas  data  including  local  field  corrections,  we 
obtain  |x*^*l  - 8.4  X 10  Asni'^'V^.  Then,  for  an  incident  energy  of  60  m.l  in  a 170-nsec  pulse 
we  calculate  a power-conversion  efficiency  of  5X10  substantially  lower  than  the  measured 
value.  This  discrepancy  is  probably  duo  to  both  overly  large  estimates  for  - 2a  ^ and  Aa  , 
and  to  the  effects  of  the  spontaneous  modclocking  of  the  CO,  laser  which  enhances  the  measured 
conversion  efficiency.  Clearly,  direct  measurements  of  a^^  and  Aa  arc  necessary  for  a lietter 
understanding  of  the  TIIO  process. 

The  dispersive  characteristics  of  the  liquid  medium  can  be  varied  by  adding  additional 

constituents,  as  was  done  in  the  gas-phase  experiments.*  Bhasematching  (Ak  Oi  has  been 

achieved  by  adding  the  positively  dispersive  molecule  SF,  to  a CO-O,  solution.  The  mea.sured 

^ 1 ‘1 

CO-SF/  ratio  at  phasematching  was  2l6:l,  in  good  agreement  with  our  earlier  rosuU.s  in  low'- 

° 22 
pressure  CO  gas  (208:1).  Details  of  this  experiment  will  be  nqiorted  elsewhere.  This  phase- 

matching  technique  is  important  for  scaling  up  the  TIKi  system  to  higher  output  energies  and 

efficiencies. 


In  conclusion,  we  have  demonstrated  a third -harmonic  power-conversion  efficiency  of 
0.3  percent  for  ^.35-pin  radiation  in  a CO-t)^  solution  using  tight  focusing  to  compensate  for 
the  negative  dispersion  of  the  solution,  and  we  have  shown  that  phasematching  is  possible  by 
adding  SK^.  The  laser-induced  breakdown  threshold  of  the  liquid  of  at  least  400  ,l/cm  is  much 
higher  tlian  the  breakdown  thresholds  in  solids,  which  are  typically  less  than  10  .)/cm  at  10  pm. 
For  a somewhat  longer  cell  than  used  in  the  present  experiment  and  employing  phasematching 
techniques,  we  estimate  that  a TUG  efficiency  of  tO  percent  is  obtainable.  This  tripling  tech- 
nique should  also  be  applicable  to  other  cryogenic  liquids  such  as  the  various  isotopic  forms  of 
fll^,  N,,  NO,  and  CO. 

The  liquid  CO  system  is  also  useful  for  more  general  four-wave  mixing  processes 
(2Wj  ± l or  example,  with  two  CO,  lasers  it  should  be  possible  to  produce  outputs  in  the 

8-  to  9-pm  region  at  efficiencies  similar  to  the  TIIG  efficiency. 

11.  Kildal 
S.  K.  .1.  Hrueck 


D.  VIHH.'VTIONAI.  TVVO-I'IIOTON  KESONANCE  LINEWIDTHS 

IN  CONDENSED  MEDIA 

As  discussed  in  the  preceding  section,  it  is  the  very  narrow  two-photon  resonance  of  the 
third-order  susceptibility  tensor  for  liquid  CO  and  CO-O^  mixtures,  coupled  with  the  high 
laser  breakdown  threshold,  which  leads  to  the  efficient  tripling  of  CO^  laser  radiation.  The 
widths  of  these  two-photon  resonances  (0.1  cm'*.  Kef.  10),  which  arise  from  the  isotropic  com- 
ponent of  the  Raman  polarizability  tensor,  in  simple  cryogenic  liquids  such  as  N^,  CO,  O^, 
etc.  are,  on  the  one  hand,  very  much  narrower  than  the  widths  of  the  single-photon  (infrared 
absorption)  and  anisotropic  two-photon  resonances  (~30  cm  . Refs.  20  and  23)  and  are,  on  the 
other  hand,  very  much  broader  than  the  widths  determined  by  vibrational  energy  relaxation 
processes  (<10  cm  ',  Kef.  24). 

In  this  section  we  discuss  one  physical  mechanism,  the  vibration- rotation  interaction,  which 

contributes  significantly  to  the  isotropic  two-photon  resonance  linewidth,  and  obtain  a simple 

analytic  result  for  estimating  its  magnitude.  A number  of  recent  papers  devoted  to  an  evaluation 
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of  this  two-photon  resonance  linewidth  have  not  included  this  linewidth  contribution.  The 

isotropic  two-photon  resonance  is  narrower  than  tlie  single-photon  and  anisotropic  two-photon 
resonances  because  it  is,  to  a first  approximation,  independent  of  the  molecular  rotational  de- 
grees of  freedom  and  is  thus  affected  primarily  by  vibrational  dephasing  processes.  However, 
due  to  the  vibration-rotation  interaction,  the  rotational  degrees  of  freedom  are  weakly  coupled 
into  the  isotropic  two-photon  resonance.  .At  low  pressures,  this  results  in  a splitting  of  the 
two-photon  resonance,  which  describes  the  polarized  Kaman  scattering  y-branch,  into  a series 
of  discrete  lines  whose  frequencies  are  given  by  ui(J)  - - 2ircn^,J(.T  t 1 ).  where  is  the  vi- 

brational frequency,  a is  the  vibration- rotation  coupling  constant,  c is  the  speed  of  light,  and 
^ 2 u 

J is  the  angular  momentum.  As  the  pressure  is  increased,  these  lines  broaden  and  begin  to 
overlap  and  the  total  resonance  width  decreases  due  to  motional  narrowing  effects.  It  is  this 
motional  narrowing  of  the  two-photon  resonance  which  leads  to  the  large  enhancement  of  \ at 
high  pressures  and  in  the  liquid  state. 

We  describe  this  motionally  narrowed  regime  by  an  extension  of  the  , I -diffusion  description 
of  rotational  dephasing  first  discussed  by  Gordon.^'’  Rotation  is  treated  classically  and  mole- 
cules are  assumed  to  rotate  freely  between  collisions  that  randomize  the  rotational  angular 
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momentum.  A density  matrix  formulation  of  this  model  is  given  here  because  of  its  compact- 
ness. .A  similar  model  has  recently  been  used  to  describe  motional  narrowing  of  the  spin-flip 
Kaman  resonance  in  semiconductors,  and  a derivation  of  the  lineshape  function  more  closely 
paralleling  Gordon's  correlation  function  calculation  is  given  in  Hef.  30.  The  time  evolution  of 
the  density  matrix  is  given  by  the  expression 


iti 


ot 


oil 


where  the  collision  term  is  given  by 


I 

0t  ' coll 


[p  - f(a.  1 <P>| 
‘ .7 


(II-2) 


(11-3) 


and  the  angular  brackets  denote  an  integral  over  the  rotational  states  of  the  molecule.  Further, 

z z z 

f(u'  ) = l/(o;*)  exp[-a'^/2a'*  1 is  the  Boltzmann-weighted  density  of  states  for  a linear  mole- 
cule, where  u.*  = (4ncKTB  with  B the  rotational  constant.  In  Eq.  (11-3),  T,  is  the 

vibrational  dephasing  time  and  t is  the  duration  of  the  free  rotational  motion  between  angular 
momentum  randomizing  collisions.  Note  that  the  second  term  on  the  right  side  in  Eq.  (iI-3)  has 
the  property  that  it  conserves  the  total  number  of  vibrational  excitations,  e.g.. 


(3) 

independent  of  Tj.  These  equations  can  be  readily  solved  for  the  lineshape  dependence  of  \ 
near  a two-photon  vibrational  resonance,  viz: 
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where  E^  (x)  is  the  exponential  integral,  y = o^/SttcB^,  (,  - (2o)^  — — i/r )/2oj  ' y,  l/r 

i /T,  + \/t  r.  and  N is  the  molecular  density, 
z ' ,1 

Figure  II-5  shows  the  maximum  value  of  \ as  a function  of  molecular  density  calculated 

for  the  molecular  parameters  of  N,.  At  low  pressures,  a simple  pressure-broadening  model 

^ *■  1 / 

(pressure-broadening  coefficient  0.05  cm  , amagat)  was  used.  .At  pressures  below  0.1  amagat, 
the  individual  rotational  components  of  the  Q-branch  are  Doppler-broadened,  and  tlie  magnitude 
of  increases  linearly  with  density.  Between  0.1  and  1 amagat  is  the  pressure-broadened 
regime  in  which  the  rotational  components  are  still  isolated,  but  tlie  linewidth  is  increasing 
linearly  with  density  and  remains  approximately  constant.  Between  1 and  lOamagats, 

the  individual  rotational  lines  begin  to  overlap  and  merge  into  a single  line.  The  effects  of 
motional  narrowing  become  important  above  this  density,  and  Flq.  (11-  t)  has  been  used  to  evalu- 
ate The  dotted  curve  gives  the  expected  if  motional  narrowing  is  neglected  and  the 

simple  pressure-broadening  theory  is  extended  beyond  its  [jroper  range  of  applicability.  The 
motional-narrowing  effects  clearly  load  to  a largo  enhancement  of  the  peak  value  of  The 

data  point  at  600  amagats  is  the  experimental  result  of  Clements  and  .Stoicheff.' ^ The  value  of 

T at  thi.s  (tensity,  using  the  same  pressure-broadening  coefficient  as  was  used  at  low  pros.suros, 
•1  ■ ’ ,>5 

i.s  0.  35  p.ser  in  good  .agreement  with  the  evaluated  by  van  Konynenburg  and  Steele  in  fitting 
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Fig.II-5.  Calculated  peak  value  of  two-photon  resonant  third-order 
susceptibility  for  N2  ^ function  of  density,  illustrating  Doppler- 
broadened,  pressure-broadened,  and  motionally  narrowed  regimes. 
(T  - 77  K,  pressure-broadening  coefficient  0.0“)  cm"  V^tnagat.  1 


their  results  for  the  anisotropic  Raman  linewidth  to  the  .1 -diffusion  model.  In  the  strongly 
motional-narrowcd  limit, 


kT 
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the  calculated  linoshape  is  l.orentzian  of  width  (KW'II.M) 


(1)  2 
and  the  peak  value  of  y scales  as  \ . 

In  summary,  we  hat'e  developed  a simple  expression  for  evaluating  the  contrilnition  to  the 

linewidth  of  the  isotropic  two-photon  resonance  in  diatomic  molecules  due  to  the  motionally 

narrowed  vibration-rotation  interaction,  and  have  demonstrated  that  this  mechanism  contrilnite.s 
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significantly  to  the  total  linewidth.  Vibrational  dephasing  contributions,  which  we  have 

not  included,  should  also  bo  significant,  and  a full  theory  of  the  linewidth  must  incorporate  both 
effects.  Further  experimental  work  is  also  necessary  for  a full  understanding  of  the  linewidths, 
and  hence  of  the  optimum  system  for  nonlinear  optical  processes. 

.S.  U.  .1 . Hrueck 

K.  DOriil.K-KKSONANCE  SDIirTKOSrOI’Y  OK  SK^ 

l unable  I’h.SnTe  double-heterostructure  diode  lasers  operating  CW  at  temperatures  of  77  K 
and  above  have  been  used  with  a single-frequency,  electro-optically  tj-switched  t'O^  lasei-  to 
perform  double- resonance  spectroscopy  of  gas  in  the  t0.6-mn  region.  The  diode-laser 
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output  is  passed  transversely  through  a region  of  gas  excited  by  the  focused,  pulsed  output  of 
the  (pump)  laser.  The  perturbation  of  the  transmitted  diode  signal  caused  by  pump-laser- 
induced  transient  changes  in  the  distribution  of  rotational-vibrational  states  is  detected.  Wave- 
length regions  in  the  immediate  vicinity  of  the  P(12)  and  P(l6)  through  P(24)  CO^  lines  have 
been  examined,  and  large  transient  increases  in  the  detected  diode  signal  have  been  observed. 
Such  increases  are  due  to  saturation  of  SF^  absorption  by  the  pump  laser.  In  addition,  diode 
lasers  have  been  tuned  to  other  wavelengths  around  10.6  pm,  and  transient  signals  have  been 
observed  which  are  related  to  optical  transitions  from  excited  vibrational  states  and  to  transi- 
tions which  share  a common  initial  or  final  state  with  states  connected  by  the  pump  laser.  The 
latter  transitions  are  interesting  in  that  the  effects  of  Rabi  nutation  between  pump  levels  are 
evident.  Theoretical  work  is  being  carried  out  to  explain  the  lineshapes  and  spectroscopic 
features  of  the  signals  observed.  The  technique  developed  in  the  experiments  may  be  useful  in 
understanding  observations  of  multiphoton  photodissociation  in  this  molecule. 

P.  F.  Moulton  .1.  N.  Walpole 

D.  M.  I.arsen  A.  Mooradian 
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A.  THICKNESS  OF  InP  LAYERS  GROWN  BY  LIQUID-PHASE  EPITAXY 

In  the  fabrication  of  GalnAsP/lnP  double -heterostructure  diode  lasers/  InP  barrier  layers 
are  grown  by  liquid-phase  epitaxy  (LPE).  Accurate  control  of  layer  thickness  is  necessary  for 
satisfactory  device  performance.  In  this  study,  the  thickness  of  LPE  InP  layers  was  measured 
as  a function  of  tlie  growth  conditions,  and  the  experimental  results  were  used  to  test  the  appli- 
cability of  a simplified  model  for  diffusion-limited  growth  from  a dilute,  semi-infinite,  supcr- 

2 

cooled  solution.  By  using  this  model,  the  following  expression  was  derived  for  the  thickness  d 
of  an  LPE  layer: 

d = (t/C^m)  (III-l) 

where  C^  is  the  concentration  in  the  solid  compound  of  the  element  present  in  lower  concentra- 
tion in  the  solution  (e.g.,  P in  InP),  m is  the  slope  of  the  liquidus  curve,  D is  the  diffusion 
coefficient  of  the  lower-concentration  element  in  the  solution,  A is  the  amount  of  supercooling 
(i.e.,  the  difference  between  the  equilibrium  liquidus  temperature  T^  and  the  initial  growth 
temperature),  t is  the  growth  time,  and  R is  the  rate  of  cooling.  In  this  expression,  and  m 
are  expressed  in  atoms  per  unit  volume.  It  is  more  convenient  to  express  them  in  terms  of 

atom  fractions,  with  C = 1/2  and  m given  in  the  usual  phase  diagram  unit,  deg  (atom  frac- 

-1  ® 

tion)  . Equation  (III-l)  can  then  be  rewritten  as 

d = (2F/m)  (D/ir)^'^^  (2At^^^  + |Rt^/^)  (IH-2) 

where  F is  1.94  for  dilute  In-P  solutions. 

In  order  to  make  a reliable  experimental  test  of  Eq.  (III-2),  the  values  of  A must  be  accu- 
rately known.  This,  in  turn,  requires  accurate  values  for  T as  a function  of  solution  compo- 

3 6 ^ 

sition.  Since  the  published  data  for  the  In-rich  liquidus  of  tlie  In-P  system  are  somewhat 
inconsistent,  the  first  step  in  the  present  investigation  was  to  redetermine  tliis  liquidus  curve 
over  the  temperature  range  of  interest.  Next,  a series  of  LPE  growth  experiments  was  per- 
lorrned  at  different  temperatures  to  determine  d as  a function  of  t and  A (using  the  measured 
values  of  T^  to  obtain  A from  the  initial  growth  temperatures).  We  found  that  d had  the  func- 
tional dependence  on  t and  A predicted  by  Eq.  (III-2).  It  was  concluded  that  the  LPE  growth  of 
InP  is  diffusion-limited  under  the  experimental  conditions  used,  and  values  of  D were  tiien  found 
as  a function  of  temperature  by  adjusting  D to  give  the  best  fit  to  the  tiiickness  data. 

Liquidus  temperatures  were  measured  by  using  an  instrumental  version^  of  the  visual- 
observation  technique.  An  In-P  solution  of  known  composition  is  heated  and  cooled  in  a graphite 
boat  inside  a transparent  furnace  under  a slow  flow  of  H^.  The  temperature  at  w'hich  solid  hiP 
particles  completely  disappear  from  the  surface  of  the  solution  during  heating  is  determined  to 
*0.5°C  by  using  a microscope-photodetector-recorder  combination  to  monitor  tlie  amount  of 
light  scattered  from  the  solution  surface.  For  the  In-P  system,  obtaining  accurate  T^  values 
is  made  more  difficult  because  the  vapor  pressure  of  P over  even  In -rich  solutions  is  sufficient 
to  cause  significant  loss  of  P by  vaporization  during  tlie  time  required  for  a measurement.  To 
correct  for  this  effect,  we  determined  tlie  rate  at  which  the  apparent  liquidus  temperature  (TJ) 
decreases  when  the  In-P  solution  is  held  at  a fixed  temperature  in  our  apparatus.  Corrected 
values  of  T^  were  then  obtained  by  adding,  to  each  measured  TJ  value,  the  product  of  liie  rate 
of  decrease  and  the  number  of  hours  at  temperature. 
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Fig.  III-I.  In-P  solubility  curve. 


Fig.  Ul-2.  Thickness  d of  InP  epitaxial  layers 
vs  growth  time  t for  A = 10®C.  R = 0.7®C/min, 
Mid-temperature  of  growth  is  630®C.  Solid 
lines  were  calculated  by  using  P diffiisivity  of 
1,2  X 10“5  cm^/sec. 
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Fig.  III-3.  Diffusion  coefficient  D for  1’ 
in  In  solutions  as  a function  of  reciprocal 
absolute  temperature. 
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The  liquiclus  data  obtained  for  the  In-rich  side  of  the  hi-P  system  are  shown  by  the  solubility 
plot  in  Fig.  Ul-1,  where  the  mole  fraction  of  P dissolved  in  the  liquid  phase  X(P)  is  plotted  on  a 
logarithmic  scale  as  a function  of  the  reciprocal  absolute  liquidus  temperature.  Over  the  tem- 
perature range  investigated,  from  560°  to  785°C,  the  data  are  well  represented  by  a straight  line 
corresponding  to  the  eqviation 


X(P)  = 1.76  X 10  expl-ll,41l/T^| 


(in-3) 


These  results  are  ii5  very  good  agreement  with  earlier  data  obtained  by  using  a sliding  boat 
apparatus  to  determine  the  weight  loss  of  InP  seeds  dissolved  in  molten  In.  The  slope  of 
the  In-rich  liquidus  curve,  m = dT^/dX(P),  corresponding  to  Eq.  (III-3),  is  given  by 
m = 11,411  1X(P)/Tj^1. 

After  the  liquidus  data  had  been  obtained,  the  growth  rate  of  LPE  layers  of  InP  was  mea- 
sured in  a series  of  experiments  using  a horizontal  graphite  slider  boat  in  flowing  hydrogen. 

The  experimental  tecliniques  were  similar  to  tliose  we  used  previously  for  the  LPE  growth  of 
GaAs  (Ref.  2).  The  solution  well  was  a cylindrical  hole  1.07  cm  in  diameter.  The  growth 
charge  consisted  of  3 g of  In  and  the  desired  amount  of  P supplied  in  the  form  of  InP.  giving  a 
solution  about  0.7  cm  thick.  The  charge  wa.s  doped  with  a small  quantity  of  Zn  in  order  to  make 

the  l.PE  layer  p-type  so  that  it  could  be  delineated  more  clearly  from  the  substrate,  which  wa.s 

2 

a (1 1 1 )B-oriented,  n-type  wafer  0.84  x 0.84  cm  in  area.  Immediately  after  each  growth  run, 
the  solution  was  examined  to  see  whether  there  had  been  any  precipitation  of  InP  on  the  upper 
surface.  Thickness  data  were  taken  only  if  no  precipitation  had  occurred.  .After  the  wafer  was 
removed  from  the  growth  furnace,  it  was  cleaved  and  etched  with  a solution  of  K^Fe(CN)^  and 
KOH.  The  layer  thickness  was  then  measured  with  an  optical  microscope. 

Figure  II1-2  is  a log-log  plot  showing  the  measured  tliickness  d as  a function  of  growth 
time  t for  LPE  layers  of  InP  grown  at  a cooling  rate  R = 0.7°C/min.  from  solutions  that  were 
supercooled  by  A = 10°C  at  the  time  of  their  initial  contact  witli  the  substrate.  The  values  of  T^ 
used  in  determining  A were  corrected  for  the  loss  of  P from  the  growth  solutions  by  vaporiza- 
tion; the  uncertainty  in  determining  T^  (and  therefore  A)  was  less  than  1°C  in  each  case.  In 
these  experiments,  the  midpoint  of  the  growth  temperature  interval  was  T^^  = 630°C,  at  which 
the  value  of  l/m  is  8 x 10  The  specified  values  of  R,  A,  and  l/m  were  substituted  into 

Eq.  (III-2),  and  the  value  of  the  diffusion  constant  D was  then  adjusted  to  give  the  best  fit  between 
this  equation  and  the  experimental  data.  The  value  adopted  was  D = 1.2  x 10  cm  /sec,  which 
gave  the  upper  curve  shown  in  Fig.  III-2.  P'or  short  growth  times,  this  curve  for  supercooling 
growth  closely  approximates  ttie  straiglit  line  in  Fig.  111-2  that  was  calculated  for  step-cooling 
growth  (with  the  same  values  of  D an('  A),  in  which  the  temperature  remains  unchanged  after 
contact  has  been  made  between  growtti  solution  and  substrate.  .At  long  growtli  times,  the  curve 
for  supercooling  growtti  approaches  the  straight  line  in  F’ig.  m-2  tliat  was  calculated  for 
equilibrium-cooling  growth  (witli  the  same  values  of  I)  and  R),  in  wtiich  the  growth  solution  and 
substrate  are  placed  in  contact  at  Tj. 

In  several  additional  series  of  su[K>rcooling-growtli  experiments,  measurements  of  d vs  t 
were  made  for  values  of  T between  550°  anil  680°C.  The  results  for  each  teniperature  are  in 
quantitative  agreement  witli  Eq.  (lU-2),  showmg  that  L1°E  growth  was  diffusion-limited  under  llie 
experimental  conditions  employed.  For  eacti  value  of  T^,^,  the  value  of  1)  was  ad,justed  to  give 
the  best  fit  between  Eq.  (II1-2)  and  the  experimental  ilata.  The  values  of  11  found  in  this  wav  are 
plotted  on  a logarittimic  scale  against  reciprocal  absolute  temperature  in  Fig.  111-3.  Tlie  data 


are  well  represented  by  the  straight  line  shown,  which  corresponds  to  the  equation 


' lilt  rti 


U (cm^/sec)  = 4.28  exp(-ll,450/T|  . (I1I-4) 

This  expression  has  the  usual  form  for  thermally  activated  diffusion,  D = exp|— E^/kTJ,  with 

1)  = 4.28  cm^/sec  and  E = 0.99  eV. 

o a 

J.  J.  Hsieh 

li.  CO.NDITIONS  FOH  LATTICE  MATCHING  IN  THE  LPE  GROWTH 
OF  Galn.AsF  LAVERS  ON  InP  SUHSTRATES 

In  experiments  on  the  liquid-phase-epitaxial  (LPE)  growth  of  GalnP  layers  on  GaAs  sub- 
strates, Stringt'ellow*^  observed  that  over  a certain  range  of  liquid  compositions  the  LPE  layers 
all  had  the  composition  tliat  was  lattice-matched  to  GaAs,  rather  than  varying  in  composition  in 
a manner  consistent  with  the  bulk  equilibrium  phase  diagram.  He  explained  this  observation  in 
terms  of  tlie  strain  energy  and  dislocation  energy  resulting  when  epilayers  are  not  lattice - 
matched  to  their  substrates.  If  these  energies  are  large  enough,  such  layers  will  be  higher  in 
free  energy  than  lattice-matched  layers,  and  therefore  epilayer  compositions  that  result  in  lat- 
tice matching  will  be  favored. 

In  developing  a procedure  for  fabrication  of  double-heterostructure  GalnAsP/InP  diode 
lasers,  we  made  a detailed  study  of  the  LPE  growth  of  Galn.AsF'  layers  on  InP  substrates.  This 
study  revealed  no  evidence  that  lattice-matching  epilayer  compositions  are  favored  in  this  sys- 
tem. Instead,  the  composition  is  found  to  be  a sensitive  function  of  the  growth  parameters. 

Close  control  of  tliese  parameters  is  Uierefore  necessary  to  obtain  lattice-matched  epilayers, 
which  are  required  for  efficient  operation  of  the  GalnAsP/InP  lasers. 

The  Galn.AsP  epilayers  were  grown  on  single-crystal  InP  substrates  by  a supercooling  tech- 
nique described  previously,^  which  uses  a high-purity  graphite  slider  boat.  The  quaternary 
growth  solutions  consisted  of  accurately  weighed  amounts  of  In,  In.As,  InP,  and  GaAs.  Usually, 
an  InP  buffer  layer  was  grown  immediately  before  the  quaternary  layer  in  order  to  minimize 
imperfections  due  to  thermal  etcliing  of  the  substrate  during  heating.  The  GalnAsP  layers  were 
typically  2 to  ? pm  thick.  The  epilayer  composition  at  the  substrate  interface  was  estimated  by 
extrapolating  measurements  made  with  an  electron  microprobe  on  thicker  epilayers.  The  lattice 
mismatch  Aa/a  was  measured  by  x-ray  diffraction.  The  wavelength  \,j,  of  the  epilayer  trans- 
mission cutoff  was  found  by  extrapolating  to  zero  transmission  the  linear  portion  of  the  trans- 
mission curve  for  the  epilayer-substrate  composite  measured  with  a grating  spectrophotometer. 

The  epilayers  were  generally  not  intentionally  doped,  and  their  residual  electron  concentration 

1 6 ” 3 1 

was  in  the  mid  10  -cm  range.  In  cases  where  diode  lasers  were  to  be  fabricated,  the 

GalnAsP  active  layer  was  about  0.5  pm  tliick  and  was  made  n-typc  by  doping  with  Sn  at  the  level 

of  i X 10*^  cm 

In  Fig.  III-4,  the  epilayer  Ga  content  (Ga^),  P content  (P“),  and  lattice  mismatch  (Aa/a)  are 

e 

plotted  against  the  P content  (P  ) of  the  growth  solution  for  experiments  in  which  Uu>  Ga  and  As 
contents  of  the  solution  were  kept  constant  at  0.47  and  0.25  a/o,  respectively,  the  supercooling  A 
was  zero,  the  cooling  rate  R was  O.^C/min.,  and  the  substrate  orientation  was  (11DH.  As  P^ 
was  increased  from  0.20  to  0.31  a/o,  P^  increased  linearly  from  51  to  58  percent,  wlule  Ga^ 
remained  almost  constant.  (The  numerical  values  given  for  Ga^  and  P*  are  eq>ial  to  twice  the 
atomic  percentages  for  these  elements  in  the  epilayers;  tliese  values  give  the  percentages  of 
Group  III  and  Group  V sublatticc  sites  occupied  by  Ga  and  P,  respectively.)  Thus,  the  principal 
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P CONCENTRATION  IN  LIQUID  SOLUTION  P'  (a/o) 


P CONCENTRATION  IN  LIQUID  SOLUTION  P'  (a/o) 


Fig.  ni-4.  Epilayer  compositions  (Ga®  and  P®) 
and  lattice  mismatch  (Aa/a)  as  functions  of 
growth  solution  composition  for  LPE  growth 
of  Galn.^sP  on  InP  substrates.  Liquid  compo- 
sitions Ga^  and  .‘\s^  were  kept  constant. 


P'ig.  in-5.  Transmission  cutoff  Xq- 
GalnAsP  epilayers  as  a function  of  P^ 
for  growth  conditions  of  Fig.  II1-4. 


effect  of  changing  the  P content  of  the  solution  is  a linear  variation  in  the  composition  of  the 

Group  V sublattice.  This  linear  variation  is  confirmed  by  the  data  shown  in  Fig.  111-4  for  Aa/a, 

f 

which  varies  linearly  from  *0.40  to  -0.20  percent  over  the  P range  investigated.  (In  calculating 
the  lattice  mismatch,  Aa  is  equal  to  the  lattice  constant  of  the  epilayer  minus  the  lattice  constant 
of  InP,  a = 5.8685  A.)  Exact  lattice  matching  (Aa/a  = 0)  would  occur  for  P^  = 0.27  a/o,  the  value 
indicated  by  the  dashed  vertical  line  in  P'ig.  in-4.  The  linear  variation  in  epilayer  composition 
IS  further  confirmed  by  the  transmission  cutoff  data  shown  in  Fig.  111-5,  where  it  is  seen  that 
A.J,  also  varies  linearly  with  F^. 

The  linear  variation  in  solid  composition  over  a range  that  includes  the  lattice-matched 
composition  Ga^  ig5ltig  gj  44^0  56  that  the  composition  of  GalnAsP  epilayers 

grown  on  InP  substrates  is  not  significantly  affected  by  the  degree  of  lattice  mismatch.  This 
result  is  in  sharp  contrast  with  Stringfellow's  observation  that  the  composition  of  GalnP  layers 
grown  on  GaAs  substrates  remains  constant  over  an  appreciable  range  of  liquid  compositions.** 
P'urthermore,  there  is  a striking  difference  in  the  effect  of  lattice  mismatcli  on  epilayer  mor- 
phology in  the  two  systems.  Stringfellow  found  that  catastrophic  degradation  of  the  surface 
morphology  of  GalnP  layers  occurred  when  Ga^  differed  by  more  than  about  ±1  percent  from  tlie 
lattice-matched  composition  Ga^  49^*  ^ contrast,  very  smootli  surfaces  are  obtained 

for  GalnAsP  layers  over  the  entire  composition  range  of  P'ig.  1II-4. 

In  addition  to  studying  the  intluence  of  growtii  solution  composition  on  the  GalnAsP  epilayers, 
we  have  also  investigated  the  effects  of  substrate  orientation  anci  of  clianges  in  the  amount  (A)  t)v 
which  the  growth  solution  was  supercooled  at  the  time  of  initial  conhict  with  the  substrate.  Fig- 
ure III-6  shows  P“  and  Ga*^  as  functions  of  A for  epilayers  grown  on  (lll)H  and  (100)  InP  sub- 
strates from  a solution  with  the  composition  <^■•''0.0047*"''. 95sO'''^0.033o‘’o.0024-  * ^ 
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SOLUTION  SUPERCOOLING  TEMPERATURE  A (’Cl 


Fig.  III-6.  Variation  ot  epilayer  compositions  Ga^  and 
with  degree  of  solution  supercooling  A.  Composition  of  growth 
solution  is  Ga^  QQ47lnQ_g5ggAsQ_Qj3QPQ_gg24  cases. 


SOLUTION  SUPERCOOLING  TEMPERATURE  A ("C) 

Fig.  III'7.  Transmission  cutoff  \x  ^ 
function  of  solution  supercooling  A for 
same  liquid  composition  as  in  Fig.  111-6. 
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SOLUTION  SUPERCOOLING  TEMPERATURE  A CCl 

Fig.  IU-8.  Variation  of  lattice  mismatch 
Aa/a  with  solution  supercooling  A for 
same  liquid  composition  as  in  Fig.  111-6. 
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Ga^  is  essentially  tlie  same  for  the  two  orientations,  while  p'’  is  significantly  lower  for  the 
(lll)B  layers.  The  composition  of  the  (100)  layers  is  relatively  insensitive  to  changes  in  A, 

• although  there  is  an  appreciable  decrease  in  P^  at  the  higliest  values  of  A.  The  effect  of  super- 

cooling is  niuch  stronger  for  the  (111)15  layers,  with  both  Ca“  and  p“  decreasing  markedly  as 
A increases. 

The  composition  changes  sliown  in  Fig.  I1I-6  are  accompanied  Ijy  changes  in  bandgap  and  in 
I lattice  constant.  The  bandgap  changes  lead  to  variation  in  tlie  transmission  cutoff  X.j,,  as  shown 

' in  Fig.  in-7.  For  A = 0,  is  longer  for  (111)15  than  for  (100)  layers.  As  A increases,  the 

wavelengths  are  initially  almost  constant,  but  eventually  tliey  begin  to  increase.  This  occurs 
|1  sooner  and  much  more  rapidly  for  the  (111)15  layers,  so  that  the  wavelengtli  differences  between 

the  two  orientations  increase  markedly. 

Figure  HI-8  shows  the  lattice  mismatch  as  a function  of  A for  GaliiAsP  layers  grown  on 
(111)13  and  (100)  substrates  from  growth  solutions  with  the  same  composition  used  for  the  layers 
of  I'igs.  III-6  and  Hl-7,  At  A = 0,  Aa/a  is  positive  for  the  (111)15  layers  and  negative  for  the 
(100)  layers.  VVitli  increasing  A,  Aa/a  increases  algebraically  for  both  orientations,  sooner 
and  much  more  rapidly  for  the  (lll)B  than  for  the  (100)  layers.  Therefore,  lattice  matching 
can  never  be  achieved  for  (lll)B  layers  grown  from  a solution  of  this  composition,  but  lattice- 
matched  (100)  layers  are  obtained  for  A = 12.5°C. 

Because  the  composition  of  GalnAsP  epilayers  is  sensitive  to  substrate  orientation,  liigh- 
quality  layers  cannot  be  grown  directly  on  InP  substrates  tliat  are  thermally  etched  by  vaporiza- 
tion of  P.  Thermal  etching  produces  roughened  surfaces  on  whicli  different  crystallograpliic 
orientations  are  exposed.  Growth  of  GalnAsP  on  such  surfaces  produces  local  variations  in 
composition,  and  the  resulting  variations  in  lattice  constant  lead  to  the  formation  of  polycrys- 
talline mounds.  Such  imperfections  arc  not  formed  during  the  growth  of  InP  epilayers  on  ther- 
mally etched  InP  substrates,  since  InP  is  always  essentially  stoichiometric,  so  there  is  no 
variation  in  lattice  constant.  In  fact,  after  sufficient  growth,  the  surface  of  the  InP  layers  be- 
comes smooth.  Therefore,  high-quality  GalnAsP  can  be  obtained  by  growing  an  InP  buffer 
layer  on  the  InP  substrate,  and  then  immediately  growing  the  GalnAsP  before  there  is  time  for 
the  buffer  layer  to  become  thermally  etched. 

Since  the  composition  of  GalnAsP  layers  grown  on  InP  substrates  is  a sensitive  function  of 
the  growth  parameters,  rather  than  being  automatically  adjusted  to  produce  lattice  matcliing, 
close  control  of  these  parameters  is  necessary  in  order  to  obtain  reproriucible,  lattice-matched 
layers  of  the  quality  required  for  diode  lasers.  The  degree  to  wliich  this  has  been  accomplished 
is  indicated  by  results  given  in  Tables  III-l  and  III-2.  Table  III-l  lists  the  peak  omission  wavc- 
lengttis  of  a number  of  randomly  selected  stripe-geometry  doublc-lieterostructurc  GalnAsP/lnP 
lasers  made  from  a single  wafer.  The  relative  wavelength  variation  is  ±0.22  percent,  and  the 
total  variation  (53  A)  is  comparable  to  the  wavelength  spread  of  the  modes  for  each  diode, 
which  ranges  from  30  to  50  A.  Table  IU-2  lists  the  peak  emission  wavelengths  for  diodes  made 
from  layers  prepared  in  five  different  runs  under  nominally  Uie  same  growth  conditions.  In 
tills  case,  tlie  relative  wavelength  variation  is  ±0.65  percent,  and  the  total  variation  (148  A)  is 
again  comparable  to  tiio  total  mode  spacing,  wliicii  ranges  from  100  to  150  A. 

J.  .1,  Hsieh 
M.r.  Finn 
.1.  A.  llossi 
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TABLE  IIM 


EMISSION  WAVELENGTHS  OF  DOUBLE-HETEROSTRUCTURE  DIODE  LASERS 
FROM  A WAFER  WITH  ACTIVE  REGION  COMPOSITION 

^°0.1l'"0.89'^®0.3o'’o.70 


. ^ 

Diode  No. 

\ (A) 

A\^  (A) 

1 

11,317 

-11 

2 

11,349 

21 

3 

11,339 

11 

4 

11,339 

11 

5 

11,296 

-32 

Averoge  1 1 , 328 

TABLE  III-2 

EMISSION  WAVELENGTHS  OF  DOUBLE-HETEROSTRUCTURE  DIODE  LASERS 
FROM  DIFFERENT  WAFERS  WITH  ACTIVE  REGION  COMPOSITION 

16'"0.84'^^0.40^0.60 

Run  No, 

\ (A) 

(A) 

302 

11,439 

-32 

318 

11,492 

21 

324 

11,400 

-71 

326 

11,548 

77 

327 

11,476 

5 

Average  11,471 

C.  DOUBLE-IIKTEROSTHUCTUKE  GalnAs/lnP  DIODE  LASERS 


Quaternary  GalnAsP  alloys  having  the  same  lattice  constant  as  InP  can  be  prepared  over  a 
range  of  compositions  that  give  room -temperature  energy  gaps  corresponding  to  any  wavelength 
between  0.92  and  1.7  pm.  Uy  using  such  lattice -matched  alloys  for  the  active  region  of  double- 
heterostructure (DH)  GalnAsP/lnP  diode  lasers,  we  achieved  room -temperature  CW  operation 
of  lasers  emitting  at  1.1  pm  (Ref.  1).  In  order  to  determine  whether  tliis  type  of  operation  can 
be  obtained  over  tlie  entire  range  of  lattice -matched  comixjsitions,  we  have  prepared  DH  diodes 
with  an  active-region  composition  of  Ga^  535^^’  P-free  limit  of  the  range.  Prepara- 

tion of  these  diodes  required  modification  of  the  structure  and  growth  procedure  used  for 
GalnAs/lnP  lasers.  Room -temperature  laser  operation  of  the  GalnAs/lnP  diodes  has  not  been 
achieved,  although  pulsed  operation  has  been  obtained  at  liquid  nitrogen  temperature,  where 
the  emission  wavelengtli  is  1.58  pm.  Similar  results  have  recently  been  reported  by  Nagai  and 

9 

Noguclii. 

The  Gain  As/ InP  diodes  were  fabricated  from  wafers  prepared  by  using  a supercooling 
teclmique  described  previously^  to  grow  three  su'a'es'.ive  LPE  layers  on  (1 1 1 )H-oriented, 
Sn-doped.  n-lype  InP  simstrates.  The  layer  structure  is  sliown  in  Fig.  Ill -9.  which  is  an  optical 
micrograph  of  a cleaved  edge  of  one  of  the  walej*s.  1 lu*  three  layers  are;  an  Sn-doped,  n-type 

‘^•^0.4P5l''0.535-'=^  ^-^0.20^'0.H0  ■^=*0.48^0.52 

the  same  lattice  constant  as  hiP;  and  a Zn-doped.  p-type  InP  layer. 


Fig.  in-9.  t'leaved  edge  of  GalnAs/lnP  double  heterostructure. 


The  GalnAs/InP  structure  differs  from  that  of  GalnAsP/lnl’  Dll  diode  lasi'rs  in  having  a 
lattice-matched  GalnAsP  alloy,  rather  than  InP,  grown  on  the  active  layer.  This  change  was 
rnatle  in  order  to  prevent  melt-back  of  the  CialnAs  active  layer,  whii  h was  found  to  occur  when 
this  layer  was  placed  in  contact  with  the  supercooled  In-P  solution  used  for  growth  of  InP.  I'he 
GalnAsP  composition  selected  for  the  third  layer  has  a sufficiently  large  energy  gap  (at  80  K. 

1.12  eV  compared  with  0.81  eV  for  the  at  live  layer)  and  suffieiently  small  refractive  index 
(estimateil  to  be  6 percent  lower  than  that  of  the  active  layer)  to  pro"ide  carrier  and  optical 
confinement  if  tlie  layer  tliiekness  is  gri'ater  tiian  about  2 pm. 

In  aildition  to  tlu*  ch.ange  in  the  stnu'ture  ol  the  CialnAs/InP  Dll  diodes,  a modiliealion  of 
the  growth  procedure  was  also  necessary.  In  prcp.iring  GalnAsP'lnP  diodes,  all  the  LPt;  layers 
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are  grown  in  a single  run,  without  removing  the  growth  boat  and  wafer  from  the  furnace.  When 
the  same  procedure  was  followed  for  the  GalnAs/lnP  devices,  laser  operation  could  not  be  ob- 
tained even  at  80  K.  However,  lasers  could  be  prepared  bj  using  two  growtli  runs  — one  for  the 
active  layer  and  the  other  for  the  last  two  — with  the  wafer  being  removed  from  t)ie  furnace  and 
exposed  to  air  between  the  two  runs.  It  was  also  necessary  to  increase  tlie  cooling  rale  used 
during  the  second  run  to  7°C/min.,  compared  with  the  rate  of  0.5“C/min.  used  in  the  first  run 
(as  well  as  in  the  growth  of  GalnAsP/lnP  heterostructures).  All  tliree  layers  were  grown  witliin 
the  cooling  range  of  570°  to  540°C. 


Fig.  111-10.  Emission  spectrum  of  pulsed 
GalnAs/InP  1)H  <iiode  laser  at  80  K for  cur- 
rent density  30  percent  at>ove  tliresliold. 


The  wafer  of  Fig.  HI-9  was  prepared  by  tlie  procedure  described.  A diode  fabricaK'd  from 
this  wafer  gave  the  laser  emission  spectrum  shown  in  Fig.  III-IO,  whit  li  was  obtained  for  p\ilsed 
operation  at  80  K for  a current  density  30  percent  above  the  tlireshold  of  3 kA/cm^.  I'he  lowest 
threshold  that  we  have  observed  for  these  GalnAs/lnP  devices  is  2.8  kA/cm  , which  is  at)Out 
5 times  higher  than  the  value  obtained  at  80  K for  CtalnAsP/TnP  1111  diode  lasers  (with  tin-  same 
active  layer  thickness)  emitting  at  1.1  to  1.3  pm.  The  difference  may  be  due  to  tlu;  exposure  of 
the  wafer  to  air  after  the  growth  of  the  active  layer,  a step  tliat  we  have  found  to  increase  the 
threshold  of  GalnAsP/lnP  lasers  by  at  least  a factor  of  5. 

Since  the  laser  threshold  of  GalnAsP/lnP  ilioiles  increases  by  about  an  order  of  magnituil(> 
when  the  temperature  is  raised  from  80  to  300  K,  we  expected  tlie  GalnAs/InP  diodes  to  have 
pulsed  thresholds  of  20  to  40  kA/cm'^  at  room  tempi  ratvire.  However,  laser  operation  has  not 
been  achieved  at  room  temperature,  even  though  iiirrent  densities  mneh  higher  than  tiu'  expe.  ted 
thresholds  were  applied  in  experiments  where  the  eurrent  was  ineri  i ed  until  diode  failun' 
occurred. 

.1.  .1.  Ilsii-h 
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D.  SEEDED  BRIDGMAN  GROWTH  OF  AgGaSe^  SINGLE  CRYSTALS 

The  I-III-VI,  compound  AgGaSe,  is  potentially  an  effective  nonlinear  material  for 
^ ^10 

frequency-doubling  and  mixing  in  the  infrared.  However,  the  yield  of  crack-free  single  crvs- 
tals  obtained  by  unseeded  Bridgman  growth  is  very  low.  We  have  previously  shown  that  the 
low  yield  results  because  the  thermal  expansion  coefficient  of  AgGaSe^  is  negative  for  directions 
within  about  25°  of  the  crystallographic  c-axis.  As  a crystal  cools  to  room  temperature  follow- 
ing solidification,  it  expands  in  these  directions.  Unless  the  growth  axis  happens  to  lie  wittiin 
25°  of  the  c-axis,  this  expansion  produces  a force  normal  to  the  walls  of  the  growth  ampoule 
that  is  strong  enough  to  break  the  ampoule  and  crack  the  crystal.  A marked  increase  in  the 
yield  of  crack-free  crystals  can  therefore  be  achieved  by  finding  experimental  conditions  which 
ensure  that  the  growth  axis  is  parallel,  or  nearly  parallel,  to  the  c-axis.  We  have  found  that 
this  can  be  accomplished  routinely  by  using  properly  oriented  seeds. 

Starting  charges  up  to  250  g have  been  synthesized  from  6-9's  Ag,  7-9's  Ga,  and  5-9's  Se 
in  fused-silica  ampoules.  The  ampoule  is  first  etched  with  HF  and  then  coated  with  a layer  of 
pyrolytic  graphite  by  cracking  methane  gas  at  100  Torr  and  1100°C.  It  is  then  loaded  with  the 
elements,  evacuated  to  a pressure  of  10  ^ Torr,  and  sealed.  A tubular  horizontal  rocking 
furnace  is  used  to  obtain  good  mixing  during  synthesis.  Because  Se  is  so  volatile  and  its  re- 
action with  Ag  and  Ga  is  highly  exothermic,  the  ampoule  will  explode  if  the  reaction  mixture  is 
heated  too  rapidly.  No  explosions  have  occurred  with  the  following  Iieating  schedule.  The  fur- 
nace temperature  is  raised  to  650°C  in  about  4 hr,  held  overnight,  then  raised  to  about  1000°C 
and  held  for  24  hr,  all  with  continuous  rocking.  An  outer  sealed  silica  ampoule  is  used  to  house 
the  reaction  ampoule,  which  nearly  always  breaks  during  cooling. 

The  ampoules  used  for  seeded  Bridgman  growth  consist  of  an  upper  cylindrical  section 
13  to  36  mm  in  diameter,  and  a lower  square  section  5 to  5 mm  on  a side  and  2 5 to  3 5 mm  long, 
joined  by  a central  tapered  section,  A silica  rod  5 to  6 mm  in  diameter  and  5 cm  long  is  fused 
to  the  bottom  of  the  ampoule.  The  ampoule  is  then  graphite-coated.  A square  seed  20  to  30  mm 
long,  oriented  with  its  length  parallel  to  the  c-axis,  is  placed  in  the  lower  section.  Even  shorter 
seeds  could  be  used  successfully,  and  a close  fit  between  the  seed  and  the  ampoule  is  not  neces- 
sary. (The  initial  seeds  W’ere  cut  from  uncracked  portions  of  boules  grown  without  seeding.) 

The  pre-reacted  AgGaSe,  is  crushed  and  sealed  into  the  growth  ampoule  at  a pressure  of 
-1  ^ 

about  10  Torr.  \ Pt/Pt-Rh  thermocouple  junction  is  tied  to  the  outside  of  the  square  section 
halfway  up  the  seed,  and  the  ampoule  is  placed  in  the  lower  part  of  a preheated  two-zone  grow  t)i 
furnace.  The  two  heating  elements  are  separated  by  an  ~ 1 -cm  air  space  to  produce  a steep 
temperature  gradient  between  the  zones,  as  shown  in  Fig.  III-ll.  The  ampoule  is  manualls 
raised  into  the  upper  hot  zone,  until  the  thermocouple  reads  850'C,  to  partiallv  melt  the  seed. 

It  Is  then  mechanically  lowered  through  the  furnace  at  a rate  of  about  1 cm ''day.  The  tempera- 
ture during  growth  is  controlled  to  about  ±l/4°C.  After  solidification  is  complete,  the  power  to 
the  furnace  is  turned  off  and  the  ingot  is  furnace-cooleil  to  room  temperature. 

This  technique  has  resulted  in  a high  yield  of  crack-free  single  crystals.  Uleven  ingots 
nave  been  grown  to  date.  None  of  the  growth  ampoules  broke  during  cooling,  and,  in  fact,  the 
ingots  were  quite  loose  in  the  ampoules.  Laue  x-ray  patterns  taken  at  differ'  nt  points  along 
several  ingots  showed  that  each  one  was  a single  crystal  with  the  same  orientation  as  tlie  seed. 
Two  of  the  ingots  were  partially  cracked,  but  even  these  had  large  crack-free  regions.  Fig- 
ure 111-12  is  a photograph  of  a single  crystal  26  mm  in  diameter. 

G.  W . Iseler 
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Fig.  III-ll.  Schematic  diagram  of  apparatus  and  temperature  profile 
used  for  seeded  Bridgman  growtii  of  AgGaSe,  single  cr>stals. 
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Fig.  ni-12.  Singh-  crystal  of  AgClaSc^  gfonn  l)\  seeded  Hriilgmaii  metliod. 


E.  SELKCm  K BLACK  A15SOKBKKS  USINC;  HI' -Sl’UTTKUKI)  Cr^Uj/Cr 

CKUMKT  KILMS 

Sflectivf  black  abriorhci-s'^**’'  with  higli  solar  absorption  ami  low  infrared  eniissivity  can 
be  used  to  increase  the  efficienev  of  tlat-plate  solar  collectors.  In  principle,  a single  material 
could  have  this  comi)ination  of  properties.  However,  most  ol  the  selective  black  aijsorbers  non 
availabU-  are  prepared  by  coating  a metal  of  high-infrared  rellectivit.v  (and  therefore  low-infrared 
emissivit.s)  with  a thin  film  that  is  transparent  in  the  infrared  but  highly  absorbing  in  tlie  visible, 
where  solar  radiation  is  concentrated.  I'he  most  popular  of  these  coatings,  known  as  chrome 
black  or  black  chrome,  is  deposited  on  metal  siiects  by  electroplating.  Tlie  solar  absorptivil\ 
obtained  in  tliis  way  is  over  0.9;  the  infrared  eniissivity,  which  is  determined  by  the  inirared 
retlectivitv  of  the  metal,  ranges  from  0.04  foi-  Cr-black  on  Cu  (Kef.  14)  to  0.12  for  Cr-black  on 
Ni  (lief.  1 5).  I'or  operatiori  in  air,  the  optical  properties  of  Cr-black  on  Cu  degrade  at  tempera- 
tures above  200°C,  while  Cr-black  on  Xi  is  stalile  uji  to  SOO^C. 

\lthough  electroplated  Cr-black  coatings  have  been  in  use  for  a number  of  years,  their 
nature  is  not  well  understood  and  tlieir  properties  are  not  very  reproducible.  They  are  so  thin 
(less  than  0.2  pm  thick*  ^)  that  quantitative  cliemical  or  structural  analysis  is  ditlicult,  and  tlieir 
optical  properties  cannot  be  measured  directly,  since  they  are  prepared  on  opaque  metal  sub- 
strates. Wo  maile  composition  profile  studies  on  Cr-black  coatings  by  means  ol  Auger  spec  tios- 
eopv,  and  also  made  .s-ray  diffraction  studios  on  powders  obtained  by  scraping  coatings  off  their 
substrates.  The  results  of  these  studic-s  suggested  tliat  the  coatings  are  cermet  films  composed 
of  polycrvstalliue  Cr^O^  and  amorplious  or  extremely  fine-grained  t r metal,  in  which  the  Iront 
surface  is  almost  entirely  Cr^Oj,  and  the  metal  concentration  increases  toward  the  coating- 
substrate  interfac'c.  A siniilai’  variation  iii  the  C tyi)  rulio  has  been  observed  in  eailiei  \ugtt^^ 
studies,  and  evidence  from  x-ray  photoemission  for  the  pmscuve  of  Ce^Oj  has  been  reported. 

W e recentL  prepared  excellent  selective  black  absorbers  h>  using  KK  sputtering  to  de|iosit 
MgO/An  cermet  fiim.s  on  metal  sulistrates.* * By  analogy,  this  result  supports  the  hspotiu'sis 
that  Cr-hlack  coatings  ;u*e  Civ^O^/Cr  cermets,  and  it  lc‘d  us  to  investigate  the  jii  o)iei  tic‘s  ot 
Cr,0^/Cr  cermet  films  de(iosited  by  Kl'  sputtering.  W'e  found  that  deposition  of  these  films  on 
rtRAal  substrates  also  yields  excellent  selective  black  absorbers,  with  propcrtic'S  quite  similar 
to  tliosc  obtained  with  electroplated  C'r-bUu  k c-oatings.  This  similarity  is  strong  cvideiu-e  that 
the  electrojilated  coatings  are  actually  t‘r,0^/t'r  cermets. 

I'or  lonvenient  control  of  eompositioii,  the  C'r,0^/t  r lilms  weri'  prepart'd  by  simultaneous 
RK  sputtering  of  two  hot-pressed  targets,  one  of  t H'c  other  ol  C r.  each  12.7  cm  in 

diameter.  The  deposition  substrates  wi-re  placed  on  a w ater-cooletl  (ilatform  that  rotated  at 
10  rpm  so  that  each  substrate  alternately  intercepted  the  ions  arriving  from  the  two  targets. 
Therefore,  the  film  composition  could  he  aiijusted  by  changing  the  sj>uttering  rales  t>l  the  tai  - 
gets,  which  had  been  determined  as  a function  of  UK  voltage  in  individual  calibration  experi- 
ments. In  the  present  stiuiy.  the  de(>osition  rati-  of  was  kept  conslanl  at  14. S A/min.,  and 

th.-  fr  .leiMisition  rate  was  changed  to  give  films  with  C r eom  ent'- \lions  of  11,  21,  29,  and 
5s  voI-l>ereeiit.  The  substrate  rotatio?!  rate  and  the  deposition  rates  were  such  that  the  films 
consisted  of  an  intimate  mixtnri-  of  and  Cr,  rather  than  discrete  layers  ol  the  twi)  i on- 

stitiients.  rr.insmission-i'lei  Iron  mii  i-o...' ope  studies  of  specimens  de|X)siled  on  carbon  suli- 
str.ite,s  (earlion  films  I "'0  \ thick  <lci«isited  on  200-mesh  copper  grid)  showi'd  that  the  lilms 
consist  ot  individn.d  I r ,U  ^ an.l  Cr  crsstallites  ranging  in  si.-e  up  to  about  110  A. 
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Ill  order  to  deterniine  tlie  optical  constants  of  the  Cr^O^/  Cr  films,  reflectivity  and  trans 
mission  measurements  were  made  as  a function  of  wavelength  on  specimens  that  had  been  de- 
posited on  single-crystal  BaK^  substrates.  Values  of  the  refractive  index  n and  extinction 
coefficient  k were  obtained  by  fitting  tiie  data  to  expressions  giving  the  reflectivity  and  trans- 
mission in  terms  of  complex  dielectric  constants.  The  fitting  proc  dure  has  been  described  in 

. . ,■  16,17 

detail  earlier. 

The  wavelengtli  dependence  of  n and  the  absorption  coefficient  /3,  which  was  calculated 
from  k by  using  the  expression  /J  = 4irk/X,  is  shown  in  l-'igs.III-13  and  111-14,  respectively. 

For  wavelengths  longer  than  about  1 pm,  n increases  monotonically  with  increasing  Cr  content, 
but  at  shorter  wavelengths  the  variation  is  more  complex.  The  value  of  (i  increases  monoton- 
ically with  Cr  content  over  the  whole  wavelength  range. 

On  tlie  basis  of  the  optical  constants  determined  for  the  Cr^Oj/Cr  films,  it  appeared  that 
good  selective  black  properties  could  be  obtained  by  deposition  of  such  films  on  metal  substrates. 
Approximate  computer  calculations  indicated  that  the  optimum  film  tiiickness  would  be  less  than 
0.1  pm  and  that,  of  the  various  compositions  investigated.  29-vol-percent  Cr  would  be  closest 
to  the  optimum.  These  calculations  also  showed  that  films  witli  this  composition  would  have  a 
reflectivity  of  over  20  percent  in  the  visible  spectrum,  causing  a significant  reduction  in  tiieir 
solar  absorptivity,  unless  they  were  antireflection-coated.  Therefore,  a number  of  comixjsite 
specimens  was  prepared  by  successively  depositing  a cermet  iilm  of  29-vol-percent  Cr  and  an 
antireflection  coating  of  Cr^O^  on  various  metal  substrates,  Ttie  solar  absorptivity  with 
respect  to  air  mass  a,  and  the  infrared  emissivity  < for  an  absorber  temperature  of  121°t  were 
then  determined  by  means  of  reflectivity  measurements  made  with  an  integrating  sphere.  ( I'he 
definitions  of  n and  < have  been  given  previously.^^’ The  reflectivity  for  one  of  these  com- 
posites, consisting  of  a cermet  film  650  A thick  and  a C’r,0^  lilm  350  A thick  on  a .\i-coated 
stainless-steel  substrate,  is  plotted  against  wavelength  in  Fig.  111-15.  Note  that  the  reflectivity 
is  quite  low  in  the  visible  spectrum,  but  beginning  at  about  2 pm  it  rises  quite  steeply  to  high 
values,  as  desired  for  low  infrared  emissivity.  Tliis  composite  has  excellent  selective  black 
properties,  witli  rv  of  about  0.92  and  i of  about  0.08  - values  quite  similar  to  those  obtained  b\ 
electroplating  Cr -black  coatings  on  metals.  Comparable  optical  properties  were  also  obtained 
for  cermet  films  deposited  on  copper,  aluminum,  and  uncoated  stainless  steel. 

To  investigate  the  stability  of  the  composites,  specimens  were  heated  in  air  lor  several 
days  at  various  temperatures  and  the  reflectivity  measurements  were  repeattni.  As  shown  in 
Fig.  111-15,  no  significant  change  in  the  reflectivity  of  the  specimen  on  Ni-coated  stainless  steel 
occurred  on  heating  to  i00®C  for  64  hr.  Beating  to  400“C  for  60  iir  causeti  tlie  film  to  ci.ick, 
and  in  some  areas  to  peel  off  the  substrate,  probably  due  to  differences  in  thermal-expansion 
coefficients.  As  in  the  case  of  electroplated  coatings,  the  conqjosites  involving  tin'  other  metals 
were  less  st.ible,  exhibiting  significant  degradation  after  heating  to  300°t  in  air. 

In  view  of  the  close  simil.aritv  between  the  properties  of  the  H F-s[niUered  lilms  and  the 
electroi>lated  CT-black  l oatings,  we  conclude  that  these  coatings  are  Cr,0^/t  r cermets  in 
which  the  high  Cr,(lj  concentration  at  the  utiper  surface  effectivelc  reduces  the  solar 
reflei  tivitv. 

J.  C.  C.  I an 
S.  A.  .Spura 
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IV.  MIC  K<)  lO  I,  KCT  KO  1 CS 

lON-lMlM.AXTKO  1.0-111-1.0  .ANNCIAK  GaAs  IMP.ATT  DIOIHCS 

I.arge-area  annular  IMl’.VTT  diodes  have  been  fabricated  from  GaAs  having  a lo-hi-lo 
impurity  profile  created  by  silicon  ion  implantation.  Proton  bombardment  was  used  to  define 
the  annuli.  Measurements  of  the  thermal  resistance  of  annular  diodes  and  disk  diodes  of  equiv- 
alent active  area  have  indicateil  that  the  thermal  resistance  has  been  reduced  by  as  much  as 
10  percent  by  virtue  of  the  annular  geometry.  -\n  efficiency  of  35  percent  with  an  oulj>ut  power 
of  7.4  \\  has  been  achieved  at  3.0  Gllz,  and  another  device  has  generated  an  output  power  of 
l.i.  1 \V  with  an  efficiency  of  21.6  percent  at  3.15  GHz. 


I'ig.  I\'-l.  Cross-section  sketch  of  ion-implanted  lo-hi-lo  annular 
Ga.-Vs  IMP.VTT  diode.  Active  junction  i.s  l’t-C,a.As  .Schottky  barrier, 
and  Si*  implantation  has  been  used  to  create  high-efficiency  profile. 

Device  area  is  defined  by  proton  bomliardment. 

The  details  of  device  construction  are  illustrated  in  Fig.  lV-1.  The  procedures  used  to 

create  the  com[)aratively  thin  pockets  of  Ga.As  imbedded  in  a metallic  heat  sink  are  identii’al 

to  those  used  in  the  fabrication  of  previously  reported  K -band,  proton-guarded,  Ga.A.s  IMPATT 
1 ^ 1 
diodes.  .Although  a p-n  junction  has  lieen  shown  to  fie  better  for  high-temperature  operation,'' t/ie 

active  junction  chosen  for  these  devices  wa.s  a Pt-Ga.As  Schottky  barrier  in  order  to  simplify  fab- 
rication. The  heat-sinking  of  tlie  device  is  accomplished  by  a 10-mil-thick  electroformed  copper 
layer.  The  device  is  defined  by  proton-bombarding  the  wafer  using  the  back  contact  a.s  a shield 
against  the  proton  flux.  The  bombardment  schedule  has  been  chosen  to  fully  convert  the  entire, 
apiiroximately  18-pm-thick,  layer  of  unshielded  Ga.\s  to  high-resistivity  material.  The  re- 
sulting active  device  is  tlie  shielded  Ga.As  lying  beneath  the  hack  contact.  The  starting  material, 
which  is  Cfiltaxially  grown  in  an  11^ - AsGl  j -Ga  vapor-phase  system  using  sulfur  as  tlie  do|iant, 

consists  of  a l6-gm-thick,  2 x lo’'’-cm'^  n-layer  grown  upon  a t-|jim-thick  luiffer  layer  with 

17  - ■% 

a carrier  c»mcf*ntration  of  approximately  S x 10  cm  . Thos('  l.'iyors  arc  erown  upon  a heavily 
doped  substrate  which  is  normally  completely  r(*moved  (i\irinjz  wafer  pi'0(U'ssirp4. 

'rhe  Si  implantation  is  the  next  step  in  wafer  firocc'ssin^.  ’I’h<*  proct'dures  coniu’cfec}  with 
tho  implantation  art'.  f)y  far,  file  most  critical  asf>ecl  of  the  device's  fabrn-ation,  and  must  I'o 
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doin'  i-nroriiHv  in  order  to  obtain  tlic  benefits  of  tlie  ion-implantation  technique.  'I'lie  startin(> 
epitaxial  wafer  is  evaluated  bv  usin;;  cleave  and  stain  metliods  to  determine  the  epitaxiai-laver 
thickness,  and  bv  t'V  profilinti  to  determine  tlie  n-Iayer  carrier  concentration,  ’i'he  wafer  sur- 
face is  also  inspected  under  dark-field  rlliiminalion  for  any  irregularities,  as  our  experience 
has  been  that  pitted  surfaces  tend  to  produce  leaky  diodes. 

The  sample  must  be  thoroughly  cleaned.  Our  current  procedure  involves  a solvent  rinse, 
followed  by  a 5-min.  hydrochloric  acid  soak  to  remove  any  native  oxide.  After  a brief  aqueous 
rinse,  the  wafer  is  vigorously  sprayed  with  an  aqueous  detergent  solution  for  5 to  10  sec  to  re- 
move particulates,  and  then  rinsed  in  flowing  distilled  water  for  3 min.  Finally,  the  wafer  is 
chemically  etched  in  room  temperature  5:1:1  ll^SO  jtll^O^:  11^0  for  5 sec  and  again  rinsed  in 
flowing  distilled  water.  Any  form  of  metallic  contamination  must  he  scrupulously  avoided  in 
these  steps. 

The  pyrolytic  silicon  nitride  used  as  the  enc.apsulant  is  deposited  on  the  sample  as  quickly 

as  possible  after  cleaning.  The  deposition  system  and  the  parameters  used  have  been  designed 

3 4 

to  avoid  thermal  damage  to  llie  GaAs  surface  during  the  deposition  process.  ' The  sample  is 
resisfively  heated  very  rapidly,  within  5 sec,  to  the  deposition  temperature  of  690°r.  The 

O 

silane,  ammonia,  and  nitrogen  gas  Hows  have  been  chosen  to  deposit  the  500- A silicon  nitride 

layer  in  10  additional  seconds  at  this  temperature.  After  deposition,  the  silicon  nitride  layer 

is  densified  by  annealing  in  flowing  nitrogen  for  5 min.  at  750°C. 

The  Si  ' is  implanted  through  the  500-A  silicon  nitride  layer.  The  sample  is  then  overcoated 

with  4000  A of  pyrolytic  silicon  dioxide  on  both  sides  to  protect  tlie  sample  from  mechanical 

damage  and  annealed  at  850°f  for  15  min.  in  flowing  nitrogen.  After  taking  into  account  the 

ions  lost  in  the  nitride  layer.  Hie  ncl  donor  aclivation  is  approximately  7 0 percent.  The  dose 

3 4 

and  energy  of  the  Si  iinplanl  were  determined  emi>irically  by  measurements  on  test  devices.  ’ 

1 ^ -2. 

and  are  nominally  3X10“  cm  and  250  ke\’,  respectively,  for  an  n-layer  concentration  of 
15  - 3 

2 X to  cm  . We  have,  however,  varied  Hie  dose  of  the  implant  slightly  from  epitaxial  wafer 
to  epitaxial  wafer  in  order  to  maintain  tlie  drift  I'egion  at  the  desired  length. 

The  detei'inination  of  Hie  penetration  of  high-energy  ]irotons  in  GaAs  and  in  the  shielding 
material,  gold,  was  necessary  in  order  to  fabricate  these  devices.  GaAs  samples  with  gold 
Schottky-barricr  melallizations  ranging  in  thickness  from  0.1  to  30  pm  wore  prepared  and  bom- 
barded with  protons  of  the  energy  of  interest.  Tlie  penetration  of  both  Au  and  Ga.As  b.y  the  pro- 
tons was  inferred  from  capacitance  measurements,  and  Fig.  l\  -2  sliows  the  results.  In  addition 
to  the  measured  data,  the  calculated  penetration  based  on  tlie  lietlie  theory  for  proton-energy 
loss  is  sliown."’  'I'he  data  indicate  that  the  penetration-energy  relationship  lieoomes  significantly 
noiibncar  at  energies  greater  Hian  O.H  Me\’. 

Figure  IV- 3 is  a scanning  electron  micrograpli  of  a packaged  annular  device.  Annuli  of 
three  different  mean  diameters  have  been  fahricated,  in  addition  to  a disk  device.  All  four  of 

the  di'vii’e  typi's  have  aiiproxinuitely  the  same  area,  equal  to  Hint  of  a disk  liaving  a diameter  I 

of  17.=’  mils.  The  device  shown  in  Fig.  l\'-5  is  the  largest  annulus,  having  an  inner  diameter  ; 

of  3“'  mils  and  an  outer  diameter  of  .!2  mils,  beads  are  attached  to  Hie  annulus  in  the  wafer 

fahrieation  proces-,  and  a gold  drop  rihhon  is  TC-lionded  to  each  of  Hiesc  lc:uis  in  packaging. 

as  shown.  Tin.-  four  leads  promote  uniform  current  distribution  and  raise  the  -elf-resonant 

freiiueiu  \ of  Hw  [lackaged  device  lo  12  GHz.  The  total  .spread  of  Ihe  breakdown  voltage  of  these 

large-area  dioiles  .d  1 m.V  has  tyincally  been  i 1 0 p'  • cent  across  a 1.3-  by  t.  3 cm  watei',  very 

similar  ti>  th.il  of  Hu'  smaller  devices  reported  earlier.^'  * However,  there  Ins  I’eon  a lower 
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percentage  of  acceptable  large  devices  because  of  the  higher  incidence  of  diodes  with  leaky  or 
soft  current-voltage  characteristics.  This  appears  to  be  related  to  the  greater  probability  of 
a larger-area  device  encompassing  a defect  in  the  gallium  arsenide.  The  yield  of  devices  vMth 
acceptably  low  leakage  current  prior  to  breakdown  has  been  appro.'cimately  50  percent. 
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Fig.  l\'-4.  Comparison  of  measured  and  calculated  thermal 
resistances.  Calculated  thermal  resistance  is  plotted  vs 
measured  resistances.  A 45°  line  passing  through  origin 
is  also  shown  for  reference.  .Areas  of  each  of  devices  mea- 
sured are  approximately  equal  to  that  of  16. 5 -mil  disk. 


Figure  IV-4  compares  calculated  and  measured  thermal  resistances.  The  calculation 
assumes  circular  symmetry  and  takes  into  account  the  chip  edge,  the  spreading  of  heat  through 
the  gold,  copper,  and  solder  interface  layers,^’  and  the  .spreading  into  a semi-infinite  heat  sink 
on  which  the  chip  is  assumed  to  be  mounted.  The  assumed  thermal  boundary  condition  is  a 
uniform  thermal  Oux  in  the  active  device  area.  The  measured  data  indicate  an  improvement 
in  thermal  resistance  arising  from  the  annular  shape.  However,  the  improvement  i.s  not  as 
great  as  that  predicted  by  the  calculation.  For  example,  the  difference  in  thermal  resistance 
between  the  largest  annulus  and  the  disk  is  measured  to  be  about  1.5°('  \\,  compared  with  a 
predicted  difference  of  2.5°CAV.  The  measured  improvement  is  nevertheloss  significant, 
amounting  to  a 30-percent  reduction  in  thermal  resistance.  W e feel  that  the  difference  between 
the  measured  and  calculated  thermal  resistances  arises  from  a thermal  re.sistance  in  the  diode 
mount  of  about  1°CA''  (u  reasonable  estimate  for  our  mount),  and  the  fact  that  ttie  uniform 
thermal  flux  boundary  condition  as.sumed  in  the  calculation  becomes  less  realistic  for  thicker 
annuli.  Because  of  the  dependence  of  breakdown  voltage  upon  temperature,  the  nonuniform 
temperature  distribution  associated  with  the  uniform  thermal  flux  condition  causes  the  device 
current  to  crowd  toward  the  peripherv  of  the  active  ai'ea.  I his  tenfls  to  establish  a more  i.so- 
thermal  boundary  condition  at  the  device  and  would  reduce  the  thermal  resistance  of  thicker 
annuli  more,  prodUL'ing  the  trend  necessary  for  agi'cement  with  our  data. 

Devices  were  tested  in  a 14-mm  coaxial  cavity  tuned  by  a pair  of  low-impedance  noncon- 
tacting quarter-wavelength  transformers.  The  axial  posit  ion  of  the  t r:..istormers.  or  slugs, 
could  be  adjusted  through  a slot  in  the  coaxial  outer  conductor.  Bias  was  supplied  from  a 
constant -current  regulator  through  an  inductively  loaded  line.  This  bias  arrangement,  although 
somewhat  lossy,  has  sup[iressod  bias  circuit  oscillations  and  has  eliminated  the  tuning-induced 
failures'  which  had  been  a persistent  problem  with  other  arrangeinenis. 
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[■'ig.lV-‘>.  Orfcillator  perforniam-i.-  of  lo-hi 
dev'ice.  KF  output  power  at  t.lS  C’lHz  is  plot- 
ted vs  DC  input  power.  Fines  of  constant  ef- 
ficiency are  shown.  Device  generated  t d.  1 W 
with  efficiency  of  dl.(>  percent. 


,-V  plot  of  HF  output  power  vs  DC  input  power  is  shown  in  Fig.  IV-S.  This  device  generated 
12.1  \V  of  power  at  3.15  GHz  with  an  efficiency  of  21.6  percent.  device  tested  with  a different 

bias  circuit  had  an  efficiency  of  35  percent  with  an  output  power  of  7.4  W at  3.0  GHz.  hut  this 
circuit  caused  many  tuning-induced  failures. 

We  feel  that  these  studies  have  demonstrated  that  Si  -ion  implantation  can  be  used  to  fab- 
ricate large-area  lo-hi-lo  FMI’ATT  diodes,  and  that  deep  proton  bombardment  can  be  used  to 
define  the  small  geometries  of  the  annuli  we  have  fabricated.  The  KF  perfcmmance  obtained  is 
consistent  with  our  earlier  measurements  on  smaller  devices,  and  the  thermal  impedance  ol 
these  devices  has  also  been  significantly  reduced  by  virtue  of  the  annular  geometry. 


H. Murphy  G. Lincoln 

C.tX  Hozlor  K.  W.  Sudbury  (Gi-oup  331 

.I.IF  Donnelly  \\  . T.  Findley 

H.  \V.  l.aton  (Group  331 


H.  CIFXRGH-COFPFKD  DHVICFS  (CCDsl:  IM.-VGIN'G  SKNSOU 

Fabrication  of  a 100-  x 400-cell  Ct'D  imaging  sensor  for  the  GKODSS  (Ground  F.lectro- 
Ojitical  Deep  Space  Surveillancei  Program  has  begun.  Processing  of  the  first  set  ol  silicon 
wafers  has  been  completed,  and  approximately  13  percent  were  free  of  gate-gate  and  gate- 
sub.strate  short.s  and  were  thus  suitable  for  dynamic  testing.  Successful  operation  of  one  of 
these  devices  with  electrical  input  signals  has  been  achieved  at  the  design  goal  data  rate  of 
400  kHz. 

j\  schematic  of  the  device  is  shown  in  1-ig.  IV-6,  and  is  similar  in  structure  to  a 30-  x 
30-element  prototype  device  described  previously.  .\n  input  register  at  the  top  and  a sepaiate 
electrical  input  to  the  output  register  facilitate  electrical  characterization  of  the  device.  Fig- 
ures IV-7(a)  and  (b)  are  photographs  of  the  device:  (;i)  shows  the  full  chip,  whose  size  is 

13.  3 X 3.6  mm,  of  which  the  imaging  cells  occupy  an  area  12.2  x 3.1  mm;  (hi  shows  expanded 
views  of  the  two  ends  of  the  device  which  contain  all  the  lionding  pads,  input  and  output  cir- 
cuitry. and  test  structures.  I'he  need  to  restrict  the  lionding  i>ads  to  the  ends  of  the  chip  arises 
from  the  manner  in  which  several  of  these  chips  will  he  as.sembled  in  a hybrid  sensor  array. 

The  test  structures  include  gate-controlled  iliodes  for  monitoring  dark-current  and  implantation 
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profiles,  MOSFKTs  for  measuring  the  threshold  voltages  resulting  from  the  different  ion  im- 
plantations used  in  the  process,  and  polysilicon  resistors  for  sheet-resistance  measurements. 

The  devices  were  fabricated  on  .J-in.  silicon  wafers,  with  each  wafer  having  28  devices. 
Three  such  wafers  have  been  completed  and  have  been  tested  for  shorts  on  an  automatic  wafei 
prober.  The  major  yield  loss  has  lieen  shorts  between  the  and  sets  of  gates.  This  indi- 
cates failure  of  the  thermal  oxide  grown  on  the  first  polysilicon  layer  to  provide  insulation  be- 
tween the  two  levels  of  polysiUcon.  However,  in  spite  of  the  very  large  chip  area,  the  initial 
run  resulted  in  about  13  percent  of  the  chips  having  no  DC  shorts. 


I - 8-U98<| 


rig.  IV-H.  Kxample  of  operation  of  device 
shown  in  I'ig.  I\'-7(al  as  an  SI’S  analog  delay 
line.  I pper  trace  is  signal  applied  to  input 
register,  while  lower  trace  is  resulting  out - 
[)Ut  signal  100  msec  later.  Data  rale  in  this 
case  is  -400  kll/.  and  each  output  pulse  con- 
sists of  about  200  time -samples  of  input. 


Devices  which  have  passed  to  the  DC  probe  test  have  been  packaged  and  are  now  undergoing 
further  evaluation.  One  of  the  devices  has  been  successfully  operated  with  an  electrical  injnit 
signal  whi<-h  was  clocked  through  the  entire  device.  This  mode  of  operation  is  termed  serial- 
parallel-seria!  (SI’S)  to  denote  the  serial  loading  of  signals  to  the  ininit  register,  parallel  trans- 
fer down  the  columns  of  the  imaging  array,  and  serial  transfer  in  the  output  register  to  the  out- 
put cireiiitrv.  Figure  I\  -8  shows  an  example  of  o]>eration  at  a data  r;ite  ot  -100  kll/.  whi<  h is 
the  freciuency  at  which  the  device  is  intended  to  ojierate.  The  input  signal  consists  of  rectangular 
pulses  shown  in  the  upper  trace,  while  the  lower  trace  is  the  output  signal  delavcii  by  100  msec. 
Measurements  on  the  output  register  indicate  transfer  inefficiencies  of  about  3 x 10  per  tr.ms- 
fer  at  100  klD..  Further  electrical  and  optical  evaluations  of  these  devic-es  are  under  way, 

H.  I'l.  Hurke  11.  \\  . Mountain 
ii.  .\.  I olien  U . II.  Metlonagle 

{ . ( II.VlKiF-COI  I’l.FD  DHVICKS:  Fl{tK;ilAMM.\l!l  F TU.\\S\’KKS.\1 . FII.IFK 

\ new  tnuisversal-filter  structure  ts  deseribeil  wlm  h uses  fCD  teehiiolouv  .md  is  ■,  apable 
of  handling  .signals  at  data  r.ites  much  liiL'her  than  existing  (CD  im|ilement  at  ions.  I'his  struc- 
ture allows  the  tap  weights  to  be  programmed  as  digital  words  which  c.m  lie  stored  on  the  device 
in  static  shift  registers.  52-stage  proloivpe  .levi.  e h.is  been  designed  and  teste.l  at  clc  k 

rates  up  to  20  Mil/,  which  is  the  limit  of  our  pre -ent  circufrv.  < »iier..ti  on  .it  even  higher  d.ita 
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C'C'l)  tranHversul  filterd  have  receiv'ed  much  attention  recently  as  potential  replacements 
for  digital-signal  processing  systems  in  radar  and  spread -spectrum  communications.  A num- 
tier  of  and  bucke-t -brigade  device^’  approaches  have  been  demonstrated,  but  gener- 

ally they  are  limited  to  sampling  rates  of  less  than  5 Mllz.  Applications  exist  where  processing 
of  wider  bandwidth  signals  is  needed  while  retaining  the  advantages  of  CCDs  over  digital  imple- 
mentations (i.e.,  lower  package  count,  lower  power  consumption,  and  the  ability  to  operate 
directly  on  an  analog  signal). 

The  evolution  of  the  new  device  structure  is  described  in  Figs.  iV-9(a-c)  and  iV-10.  Fig- 
ure IV-9(a)  is  the  usual  representation  of  a transversal  filter  as  a tapped  delay  line.  The  time- 
delayed  samples  v-(t-nT)  are  nondestruct  ively  sensed  at  each  stage  of  delay,  multiplied  by  the 
tap  weights  h^^,  and  simultaneously  summed  to  form  the  output  signal  '■'^(1).  C'C'l)  implementa- 
tions of  this  device  are  faced  with  two  problems  when  sampling  rates  are  pushed  above  a few 
megahertz.  In  most  devices  reported  to  date  the  signals  are  obtained  as  currents,  either  di- 
rectly from  the  tapping  electrcxies  or  from  intermediate  MOSFET  buffers.  These  currents  are 
then  summed  in  an  off-chip  operational  amplifier.  The  difficulty  lies  in  obtaining  the  high- 
speed current  summation  in  an  operational  amplifier.  The  second  problem  is  that  the  analog 
multipliers  thus  far  proposed  use  on-chip  transistors  which  are  limited  to  speeds  of  a few 
megahertz. 

In  Fig.  fV-9(b)  the  tapped  delay  line  has  been  replaced  by  \ separate  delay  lines  resulting 
in  a structure  which,  by  removing  the  necessity  for  nondestructive  sensing,  will  permit  the 
summation  process  to  be  performed  on  charge  rather  than  currents.  A solution  to  the  high- 
speed analog  multiplication  problem  is  shown  in  Fig.  IV-9(c),  where  the  tap  weights  are  used 
in  a binary  representation.  This  reduces  the  problem  to  multiplication  by  0 or  1,  which  can 
be  done  straightforwardly  in  a C'C'l).  In  the  form  shown  in  Fig.  lV-9(c),  the  input  signal  v.|l) 
is  weighted  before  entering  each  section  of  the  device.  This  is  the  most  attractive  formal 
since  the  resulting  output  will  consist  of  charge  summation  at  a single  node.  In  some  cases, 
however,  it  may  be  necessary  to  peiTorm  the  charge  summation  in  one  or  more  sections  sep- 
arately, followed  by  weighting  and  summation  of  the  signals  as  voltages.  .Such  a case  would 
occur,  for  example,  if  the  binary  words  were  expressed  in  a two's-complement  formal. 

A CCI)  implementation  of  a 1 -bit  section  is  illustrated  in  Fig.  lV-10.  The  binary  multipli- 
cation is  performed  by  means  of  a gate  at  the  input  to  each  of  N C'('l)  delay  tines.  This  multi- 
plication could  be  [lerformed  at  either  end  of  each  delay  line,  but  in  the  device  to  be  described 
it  was  more  convenient  to  do  so  at  the  input.  The  bits  Uj.  . . a^^,  are  stored  in  an  MOS  static 
shift  register.  The  signal  is  sensed  at  a common  charge  collection  bus  by  an  on-chip  Mi'si'F'l'. 
Since  signal  input  and  charge  Iransl'er  through  a buried  channel  (Tl)  are  processes  capable  of 
clock  rates  greater  than  190  MHz,  the  speed  limitation  of  this  device  is  m the  oiil]uii -delect  nni 
circuitry.  In  the  device  to  be  described,  the  output  circuit  performed  satisl'aclorilv  .it  JO  MU', 
and  operation  at  higher  d.ita  rales  is  expected. 

\ prototype  device  consisting  of  two  sections  of  i.1  delay  lines  each  is  shown  in  l ig.  I\  -1  1. 
The  device  is  a two-phase,  iniplanfed-barrior  slructiirt"  employing  poivsilieon  l'"i'  the  storage 
gates  and  aluminum  for  the  b.irrier  gates. .\n  n-tvpe.  ion-i mplanteil  burii'd  ch  inne)  is  used 
to  enable  high-speed  operation.  To  reduce  'he  KC  time  eonstaiil  .issoeniled  w I’h  the  pol v , i 1 e.  . m 
gates  and  input  diodes,  the  del.av  lines  are  segmented  into  groups  of  eight,  and  the  high  ipeisl 
clocking  w.iveforms  are  carried  to  each  group  on  low-resistanee  .iliiminnm  line  The  •.  iti' 
controlling  the  fligital  reference  funetion  are  brought  out  to  bonding  pads  for  c-xtern.il  coniiad 
in  this  first  version  of  the  device  whu  h iloes  tlol  incorporate  the  M(  )S  static  ihift  rl‘■  ■.  'ei  hewn 
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Kig.  IV-tO.  Description  of  CCD  implementation  of  1 -bit  section  of  transvi?rsal 
filter  shown  in  Fig.  IV -9(c).  Multiplication  is  accomplished  on  gates  at  input  to 
each  CCD  delay  line,  and  binary  bits  of  z'cference  words  are  stored  in  MOS  shift 
register.  Output  signal  is  obtained  by  charge  summation  from  all  delay  lines  at 
single  collection  point. 


Fig.  lV-11.  Fhr)tograph  of  52-stage  prototyj)e  CCD  programni;d)h* 
transversal  filter  consisting  of  two  bit -weighted  sertions.  De\  ir*‘ 
is  twt)-phase  buried  channel  stnietiu’e  using  polysil icon-aluminum 
overlapping  gates.  Chip  size  is  2. '5  x mm. 
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in  Fig.  lV-10.  Also,  to  reduce  package  It)  pin  count,  the  gates  are  tied  together  in  groups  of 
four  on  the  chip.  The  outputs  of  each  triangular  section  are  sensed  separately  by  two  MOSFFTs 
at  the  bottom  left  of  the  device.  A series  of  diodes  at  the  bottom  of  the  chip  simulates  the  ca- 
pacitive loading  on  the  output  MOSl'KT  circuitry  of  four  additional  sections.  Hy  means  of  a 
simple  bonding  operation,  these  diodes  can  be  connected  to  the  output  of  the  section  on  the  right, 
thus  determining  whether  the  reset  transistor  (the  interdigitated  structure  at  the  bottom  left) 
can  reset  a large  output  capacitance  (approximately  10  pF)  in  a few  nanosecond.s.  The  device 
has  been  operated  at  data  rates  up  to  30  MHz,  even  with  this  capacitive  loading. 

.Vs  an  example  of  programmable  matched  filtering  using  one  section,  the  reference  gates 
were  set  so  that  the  impulse  response  would  represent  the  optimum  stagger  sequence  1010011 
(Ref.  17).  Because  the  reference  gates  are  tied  together  in  groups  of  four,  each  "zero"  or 
"one"  of  the  sequence  is  represented  by  four  zeros  or  ones  in  the  impulse  response  showm  in 
Fig.  IV-13(a);  in  F’ig.  IV'-13(b)  the  same  sequence  but  time-reversed  is  the  input  signal  to  the 
device,  and  the  output  has  the  expected  shape  and  peak-sidelobe  ratio  for  the  autocorrelation 
function  of  this  sequence.  The  data  rate  in  this  case  was  15  MHz,  which  is  the  limiting  speed 
of  the  word  generator  used  for  the  input  signal.  A high-speed  sample-and-hold  circuit  has  been 
used  to  remove  feedthrough  of  the  clocking  waveforms  to  the  output  circuitry. 

Some  nonuniformity  in  the  impulse  response  can  be  seen  in  Fig.  IV-13(a).  This  "fi.xed  pat- 
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tern  noise"  has  been  noted  previously  in  CCT)  multiple.xers,  and  has  been  attributed  to  spatial 
Huctuations  in  substrate  doping  which,  in  turn,  cause  variations  in  the  threshold  voltages  of 
the  input  signal  gates.  In  our  case,  the  dominant  cause  is  a variation  on  the  order  of  5 percent 
in  the  capacitances  of  the  32  polysilicon  input  signal  gates.  It  appears  that  this  variation  is  a 
result  of  the  polysilicon  etching  process  that  determines  the  gate  widths.  Alternative  etching 
methods  or  a design  change  which  replaces  polysilicon  with  aluminum  for  this  part  of  the  device 
may  alleviate  this  problem, 

H.  K.  Burke  K-  W.  Mount.ain 
W . T.  Bindley  \V  . II.  Mctionagle 
H.  A.  Cohen 

I)  FU;ilT-BIT  Ml  l.THM.lFH  (TKCl  IT  FSINC  Mri.TH.AVFK  TllI.N-Fll.M 

IIVBUII)  TKCIl\t)I.OC,\ 

A two's-complement  multiplier  which  can  multiply  two  8-liit  signed  numbers  in  less  than 
75  nsec  has  been  fabricated  in  hybrid-integrated-circuit  form  using  commercially  available 
Schottky  TTI,  dice.  This  project  was  undertaken  in  order  to  demonstrate  the  possible  reduc- 
tion in  size  of  complex  digital  systems.  The  multiplier  circuit  was  selected  because  we  felt 
it  would  have  greater  applicability  than  a more  specialized  circuit.  By  putting  8 dice  into  one 
package,  we  have  enabled  a 6-to-l  reduction  in  systimi  size  over  standard  Dll'  packaging. 

riiis  particular  multiplier  consists  of  eight  I-  by  3-bit  multiplier  chips  connected  in  an 
array,  and  was  designed  for  maximum  speed  and  h ease  of  use  in  a 16-  or  33-bit  array  for 
higher  precision.  It  is  a static  device  ino  clocks  re  p.iired),  and  the  l6-bit  output  is  /.  XV'  K, 
where  ,\,  V,  and  K are  8-hit  two's-complement  numbers.  The  constant  (K)  input  is  necessary 
in  order  to  make  possible  the  addition  of  the  partial  products  when  two  or  more  multipliers 
are  connected  t"gether  in  an  arra\  lor  preei.sioti  greater  than  8 bits. 
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Fig.  IV-13.  A hybrid  integrated  circuit,  8-  by  8-bit,  two's-complenient 
multiplier  fabricated  using  a two-layer  thin-film  aluminum  interconnect 
substrate  and  chip-and -wire  assembly  techniques. 


Fig.  IV-11.  I’ackagod  hybrid  multiplier  microcircuit  compared  with  wire- 
wrapped  prinfod-circuit  board  reali/.alion  of  same  function  containing  eight 
single -chip  1)11’  packages. 
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The  electrical  parameters  measured  on  the  first  prototype  are. 

Worst-case  (ielay  fiJ  nsec 


I’owcr  dissipation 


iA  W at  5 V 
4.61  V 


Minimum  power  supply  voltap'e  4.61  \ 

The  high  power-dissipation  means  that  heat-sinking  or  forced-air  cooling  is  required.  ^ 

This  device  was  fabricated  using  conventional  chip  and  wire  assemlily  techniques  on  a 1 -in. 
substrate.  Cure  was  taken  to  insure  that  power  supply  and  ground  lines  were  arranged  to  mini- 
mize voltage  drops,  and  were  wide  enough  to  prevent  electromigration  in  the  aluminum  conduc- 
tors. The  mask  layout  was  verified  by  drawing  a schematic  diagram  from  the  layout  and  then 
building  a working  wire-wrap  breadboard  from  this  schematic.  .Such  precautions  greatly  im- 
prove the  chances  of  fabricating  a working  hybrid  of  this  complexity.  The  completed  circuit  was 
electrically  tested  prior  to  capping  in  order  to  facilitate  any  repair  which  might  be  necessary, 
such  as  replacing  open  bond  wires  or  defective  die.  P^igiire  lV-11  is  a photograph  of  the  device. 
Figure  IV-14  illustrates  the  6-to-t  reduction  in  .system  volume  that  is  achieved  by  eliminating 
the  eight  DIP  packages,  each  containing  a single  die,  and  replacing  these  with  a single  8-dice 
hybrid. 

The  conductors  on  the  alumina  substrate  consist  of  two  layers  of  l-pin-thick  sputtered  alu- 
minum separatee  by  1.5  pm  of  sputtered  silicon  dioxide.  The  conductors  and  vias  were  etched 
using  conventional  photolithographic  techniques.  We  encountered  no  problems  with  shorts  caused 
by  pinholes  in  the  oxide  insulator,  or  with  opens  resulting  from  improperly  etched  vias. 

D.  1.,  Smythe 

W.  K.  Hutchinson  (Group  661 

.1.  Gorski-I’opiel  (Group  66) 

E.  INTKGIIAI.  STHIPI.INE  FH.TKKS  FOR  SlTIMIl.l.IMETEli-WAV'E 
MIXER  DIODES 

The  bias  filter  in  a mixer  diode  circuit  supplies  DC  bias  to  the  mixer  diode  and  provides 
the  intermediate-frequency  output,  while  presenting  an  almost  perfect  reflection  at  the  signal 
and  local-oscillator  frequencies.  .At  centimeter  wavelengths,  the  bias  filters  are  usually  made 
by  using  quarter-wavelength  low-  and  high-impedance  coaxial-line  sections  to  form  a low-pass 
filter  structure.  However,  at  millimeter  and  submillimeter  wavelengths  the  low-pass  bias  fil- 
ters cannot  be  constructed  in  coaxial  form  since  the  coaxial  line  dimensions  become  too  small 
to  fabricate  by  conventional  machining  operations.  Hias  filters  for  submillimeter  wave  mixer.s 
have  been  provided  by  an  integral  stripline  filter  which  is  incorporated  into  the  diode  package. 
The  characteri.stics  of  these  filters  at  submillimeter  wavelengths  were  inferred  from  measure- 
ments made  on  dimensionally  scaled  filter  models  in  the  frequency  range  from  1.0  to  9.0  GH/. 
This  use  of  scaled  models  is  essential  in  the  evaluation  of  mixer  components  for  potential  op- 
eration in  the  submillimeter-wave  region. 

The  integral  filter  concept  is  shown  in  F’ig.  IV-15.  The  whisker  antenna  contacting  the 
Schottky-barrier  diode  is  bonded  to  a pad  at  the  end  of  the  stripline  filter.  A 7-section  filter 
with  20-  and  100-ohm  quarter-wavelength  line  sections  was  selected  since  this  gave  adequate 
filter  characteristics  and  could  be  accommodated  in  the  center  of  the  0.64-nim-diameter  whis- 
ker stud  u.sed  in  the  I.incoln  l aboratory  18-GHz  l.ES-8/9  mixer-diode  package.  The  l.ES-H/9 
mixer-diode  packaging  concepts  and  equipment  were  utilized  as  much  as  possible  to  provide 
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Fig.  IV'-15.  Detailed  view  of  stripline  filter  incorporated  into  diode  stud  and 
mounted  in  waveguide  section.  A channel  is  milled  into  one  of  the  cojjper 
studs  into  which  is  inserted  a substrate  on  which  a photolithographically  de- 
fined IF  filter  has  been  fabricated.  In  addition  to  creating  an  RF  shorting 
plane  at  opening  of  waveguide,  this  configuration  allows  a good  deal  of  design 
tlexibility  through  variation  of  height  of  guide,  Ihicknes.s  of  Ga.A.s  chip,  and 
length  of  antenna  whisker. 


Fig.  tV-lf).  I’hotolillu'graphic  masks  for  making  filters  at  several  frequencies 
Group  of  largest  patterns  represents  filters  designed  for  RF  of  ('.Hz;  pro- 
gressively smaller  patterns  are  filter  masks  for  300,  600,  and  SOO  GHz. 


for  rapid  dovelopniont  of  tlic  new  subniillimctcr  devices,  and  to  maintain  tlic  r\i4fi<^tiness  and 
reliability  inherent  in  the  l.KS-K,/‘)  mixer-diode  package. 

Tlie  filters  are  fabricated  on  quartz  substrates  19  mm  square  by  0.05  mm  thick  usiiif'  con- 
ventional photolithojtraphic  techniques.  The  (piartz  substrates  are  solvent  and  (ietergent-cleaned, 
and  are  plasma-ashed  to  rcniove  residual  organics  from  the  surfaces  [jrior  to  the  evaporation  of 
250  A of  chromium  and  5 pm  of  gold  onto  both  sides  of  the  substrate.  A mask  having  four  groups 
of  filter  sirui-tures  designed  to  operate  at  55,  iOO.  f.OO,  and  890  is  shown  in  Vig.  IV- 10. 

.After  fabrication,  the  filters  are  separated  bv  sawing  die  quartz  into  0.  io-  by  0.1-mm  strips. 

A shaped  tungsten  whisker  is  soldered  to  the  btmiiing  pad  at  the  end  of  tlie  filter  section.  The 
quartz  strip  is  then  soldered  into  a rectangular  channel  0.  3K  mm  wide  by  0.  OH  mm  deep  which 
has  been  milled  into  one-half  of  a 0.64-mm-diameter  copper  stud  (l-’ig.  lV-17).  A quartz  cover 
section  to  form  the  other  half  of  the  stripline  circuit  environment  is  placed  in  the  channel  over 
the  filter  .strip,  and  a copper  cover  stud  is  soldered  in  place  to  complete  the  integral-filter 
whisker-stud  assembly.  Ktching  the  tungsten  whisker  to  length  and  final  whisker-shaiiing  com- 
plete the  whisker  stud  fabrication  procedure.  A completed  submillimcter-wave  diode  with  an 
integr:il-bias-filter  and  waveguide  (lackage  is  tiiiown  in  I'ig.  lV-18. 


Kig.  lV-17.  Stripline  filter  m coaxial  stud 
with  .ittac-hed  antenna  whisker.  (tjiiartz 
cover  and  stud  cover  have  been  removed.) 
Sep.iralion  between  filter  pads  is  \ , -1  at 
operating  wavelength.  Channel  width  is 
aiiotil  0.1  mm. 
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b'ig.  IV-IH.  I )iodc -waveguide  mount  with 
stripline  filler  inside  bottom  stud. 


( 'alculations  indicated  that  for  O.OS-mm-lhick  quartz  substrates  the  fringing  fields  assoei 
ated  with  the  step  rluingcs  in  stripUne  width  would  eonsiderablv  modify  the  liehavior  of  filters 
designed  to  opcr.ite  aiiove  fiOOClIz.  Since  inea.surements  of  filter  rharacterist  u s at  siibmilh- 
meter  wavelengths  is  extremely  diffieull.  filter  dimensions  were  sealed  up  by  a faetor  of  100 
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so  that  measurements  made  on  the  scaled-filter  models  at  frequencies  in  the  range  1.0  to  9 GHz 
would  corres[)ond  to  measurements  on  the  submillimeter  filters  in  the  range  100  to  900  GHz. 

'['he  (|uartz  sut>strate  in  the  model  filter  became  38  mm  wide  by  5 mm  thick,  and  a length  of 
15^  mm  was  chosen  as  being  adequate  to  accommodate  the  7-section  quarter-wavelength  filters 
scaled  to  operate  at  3.0,  6.0,  and  8.9  GHz.  In  the  model,  the  chrome-gold  metallization  was 
replaced  by  adhesive-backed  copper  foil  which  was  readily  cut  to  the  scaled-filter  dimensions 
using  a sharp  scalpel  and  rule  under  a low-powei'  microscope.  Time-domain  reflectometry  using 
a 33-psec  risetime  system  provided  a measurement  of  the  stripline  impedance  levels,  provided 
a measurement  of  the  effective  line  lengths,  and  enabled  the  location  and  measurement  of  dis- 
continuity reflections.  The  transmission  and  reflection  characteristics  of  the  scaled-model  fil- 
ters were  mea.sured  on  an  automatic  network  analyzer  over  the  frequency  range  1 to  IZ  GHz. 
Measurements  on  the  sealed-model  filters  indicated  that  the  300-  and  600-GIlz  submillimeter 
filters  should  perform  as  designed,  but  that  edge  effects  would  limit  the  operation  of  the  890-GHz 
filter  structure  to  a frequency  only  slightly  greater  than  600  GHz,  The  scaled  models  provided 
an  easy  way  to  measure  and  predict  filter  performance,  and  allowed  easy  adjustment  and  trim- 
ming of  the  filter  characteristics.  Modeling  proved  to  be  a powerful  diagnostic  tool,  and  essen- 
tial to  evaluate  the  potential  performance  of  mixer  components  in  the  submillimeter-wave  region. 


B.  .1.  Clifton 
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A.  SUF]’Hi:SSl()N  OK  15K I ,K -SCAT'IK HINC.  LOSS  IN  SAW  KKSONA'I'OKS 

A major  goal  in  the  devolopmont  of  sui'face-acoustic-wavo  (SAW  ) rosoriators  has  been  to 
idontifv  the  loss  mechanisms  which  occur  in  resonators  and  then  to  minimize  these  Ujsses  in 
order  to  obtain  the  maximum  Cj.  W ith  the  push  towat-d  the  fundamental  limit  on  (j  set  by  mate- 
rial propagation  loss,  small  residual  losses  become  im(iortant.  One  such  loss  degrades  tlie 
efficiency  of  the  grating  j-ellector,  and  is  due  to  scattering  from  the  surface  wave  into  bulk  waves 
at  the  edge  of  the  grating,  as  shown  schematically  in  Fig.  V-1.  'I'his  surlace-to-bulk  nu>de  con- 
version is  confined  to  the  immediate  vicinity  of  the  gi  ating  edge.  'I'he  mode  conversion  i-esults 
from  abrupt  discontinuities  in  tlie  gr  atings.  Such  discontinuities  occur  at  the  boundary  between 
the  free  sui'face  and  grating  regions,  or  at  the  phase  reversal  between  the  tw’o  adjacent  gratings 
in  a S.AW  resonator.^ 

A technique  has  been  demonstrated  for  suppressing  the  bulk-scattei  ing  loss  wdiich  occui  s in 
resonators  whose  renective  gratings  consist  of  shallow  grooves.  The  suppression  itselt  is 
achieved  by  tapering  the  groove  depth  U[)  to  its  final  value  over  a relatively  short  distance  (typ- 
ically on  the  order  of  20  to  30  grooves),  as  showm  in  Fig,  \ -2. 

.■\  schematic  of  the  tapei  ing  pi'ocess  is  shown  in  Fig.  V-3.  I'he  grating  relleotors  are  first 
defined  in  photoresist  on  the  crystal  surface,  and  the  grooves  are  then  etched  by  mijans  of  ion- 
beam  bombardment  through  an  aperture  mask  wlioso  centi  al  onstacle  is  mucli  widiu'  than  the 
gap  between  gratings.  A taper  in  groove  deiith  results  from  a sliglit  divergence  of  approximately 
(2-  (from  normal)  of  the  incident  beam.  W ith  the  parameters  sliown  in  Fig.  V-3,  tlie  tapers  ob- 
tained are  liasically  linear  and  extend  ovei'  roughly  2S  grooves.  The  w'ide  central  obstacle  re- 
sults in  an  unetched  (cavity)  i egion  of  roughly  5‘i  grooves  between  tlie  two  gratings  (measured 
frimi  the  beginning  of  the  tapers)  in- which  coufiling  transducers  may  be  placed. 

The  impact  of  such  tapering  on  resonator  Q was  evaluated  by  measuring  tlie  Q of  a number 
of  different  r esonators,  cacti  consisting  only  of  a (lair  of  gratings  witliout  any  ti  ansriucei-s  placed 
betweei.  tlie  gratings.  'Che  Q was  didermined  by  measuring  tlie  transmission  between  a pair  of 
transilucers  placed  outside  the  gratings.  Such  measurements  of  tj  do  not  include  those  addi- 
tional loss  pr-ocesses  which  are  known  to  ocein-  when  transducers  are  placed  between  the  gratings. 
Figure  \'-4  shows  the  Q of  an  empty  I iNbO^  resonator  measui'ed  as  a function  of  ri-fh'Ctoi 
oove  depth.  The  lower  data  points  for  gratings  of  200  and  300  grooves  cori-i-spond  to  a i egime 
* ici  Ihe  (.)  .s  limited  by  grating-reflection  loss,  and  increasing  groove  depth  lixids  to  in- 
. r : . 'Icr-tivitv  -md  hence  tj.  W ith  the  use  of  (.00  gi-ooves  per  refh-etor,  howevei  , a max- 
II  i.Miiineil,  -iml  inci  easing  groovi'  de(ith  bi'yond  0.01  \ actually  leads  to  de- 
,1  bulk-r.eaitei  ing  loss,  and  not  refh'Ction  loss,  beeonu-s  limiting. 

.1  etc  -inees  the  bulk  seattei  ing,  ;md  thus  leads  to  lowei  tj. 

deptb  at  the  elating  <-dge  to  a final  di-plh  id'  0.012  \ over 
I eiyniin  in  ait  .and  80,000  in  vacuum  at  170  Mllz. 

tiTipi;  III  over  the  corresponding  imtapered 
. . f i;:',  ! i 1 : I im.itutig  ili-'e  I epanev  betw  ei-n 

■ . I.  [[..eillee-a  ri/ltur  I ■-.*  tt.e  t'lpel.s  emploved. 

■ ..i  t'l-ij;  : II- a-:  - on  SI  -ipiait/ 

. ,S  II;  ';-ni|  ti  e 


tic 


I'ig.  \ -4.  Comparison  of  measured 
and  calculated  Q values  of  empty 
l.iXbO^  resonators  at  171  MHz. 


substiate.  This  means  that  tapering  the  gratings  has  reduced  Inilk-wave  scatter  ing  loss  to  a 
level  which  is  small  in  comparison  tr>  the  propagation  loss  at  the  resonant  frequency.  Koi-  l es- 
onators  operating  near’  or  above  158  MHz,  r efinements  of  the  taper-  profi.c  to  fur  ther-  r educe 
bulk  scatter  ing  would  be  poirrtless. 

H.  C,  M.  Li 
J..\.  Alusow 


H.  VAltlAHl  L-BANDM  11)  IH  FU.TKR 

tTiar-acter  istic  feattrr  es  of  SAW  r-eflective-ar-ray  compressor  s (HACs)  ar  e a relatively  flat 
r esiionstr  Itypica'U  tO.5  dli)  over  a wide  bandwidth,  a very  steep  falloff  ;rt  the  band  edges,  and 
good  out-of-banrl  r ejection  (typically  70  dll).  Givetr  these  featur  es,  it  is  possible  to  use  HAG 
devices  to  make  a var  iable-bandwidth  filter  which  yields  good  shape  factor  s over  a wide  rrnrl 
contirruously  var  iable  range  of  bandwidths.  The  configur  ation  of  such  rr  filter-  is  shrtwn  in  I-'ig.  \'-5. 
By  var  ying  the  local-oscillator-  fr-equencies  (dor  iveri  fr-onr  the  i’C'OsI  of  the  two  pair  s of  rtrixer  s 
sur  t-ounrling  the  two  HAC  devices,  the  over  lap  of  the  two  passhands  of  the  H.ACs  effr'ctivelv  seen 
by  the  input  sigttal  can  be  vat  itrd  as  shown  in  thi-  upper  par  t of  1 ig.  \'-5,  The  over  all  filter-  char  - 
acteristic from  input  to  output  is  then  the  ov<*r  Irtp  of  the  two  individual  ft-e(]Uency  ros|>onses  of 
the  HACls.  In  effect,  one  H.AC  cuts  off  the  high-fr orptency  etrd  of  the  in)iut  spectr-irm,  and  the 
other  HAC  cuts  off  the  low-fr-erirrency  I't'd.  Oiri-  \('()  ft-r-rpnmev  is  above  the  hand  of  inpirt  fr  r - 
rprencirrs  and  rrrte  is  below  this  t.otrd,  so  that  the  Ittte-.r  dis(H‘t-siotts  rrf  the  two  It  \C  devices 
cancel.  The  var  iable  bandwirlth  filter  has  tin-  pr  oper  ty  that  it  is  nonrlisper  sive,  hut  th«'  delay 
thr  rnrgh  Iht'  filtm  is  dependent  on  tlur  brrndwirlth  selected. 

rite  feasibility  of  this  tv|te  of  vat  i.rhle  batul|i.tss  filter-  has  berm  ih'trronst t-:\teil  by  conrrectrng 
two  existing  Ur\C  di'vices  (rieser  ibed  in  Ih-f.  dl  in  a circirit  such  as  in  I'ig.  \ -5,  The  K At  di-vici'S 
used  had  a bandwidth  of  MHz  certter  ed  at  1*5  MHz,  and  wet-e  flat  tr»  tO.5  dB  oVru-  tlu'  passhand. 
At  the  banrl  edge.s,  thr-  r-<*.spon.se  fell  from  — 1 to  —70  dll  in  h-s.s  than  0.8  MHz,  By  var-ying  the 
two  VCO  ft-etpiencies  in  thi'  two  halves  of  tin'  citetrit  in  l ig.  V-5,  the  1-tlB  bandwidth  can  In- 
var-ied  continuously  frot-n  0.8  to  11  MHz.  1 he  r-esponse  of  the  fillet-  was  rnr‘asut-etl  for-  a si'quetiee 
of  bandwidths  and  is  shown  in  1 ig.  \'-(da-cl.  Lxcept  lot-  (he  vei  y-tiar  row -handw  rdt h ease,  Ihi- 
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Fig  V-5.  Schematic  of  operation  of  variable-bandwidth  filter.  By  varying  frequencies 
of  two  voltage-controlled  oscillators  (VCOsl,  the  two  RAC  responses  can,  in  effect,  be 
offset  with  respect  to  input  signal  as  shown  at  top.  This  produces  a variable  bandpas.s 
filter.  VCOs  can,  in  turn,  be  controlled  by  digital  inputs. 


Fig.  V-6.  Response  of  vardable-bandpass 
filtei’  displayed  as  amplitude  vs  f-  oquency. 
i lo/'i:^onta]  scale  is  3 MHz.  division  with 
center  of  each  plate  corresponding  to  an 
input  frequency  of  -100  Mllz.  Outside  of 
passhand.  vertical  scale  is  expanded  100 
times  in  amplitude  (-lOdBl.  '1‘wo  local- 
oscillator-  fr’equencies  (put  out  Ijy  two  VCOsl 
aj-e:  (a)  305  and  495  MHz,  {h)  a95.3and 

504.7  Mtlz,  and  (e)  294.5  and  SOS. 5 MHz. 
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out-of-band  signal  is  seen  to  be  at  least  50  dB  suppr  essed.  Other-  measur  ements  have  shown 
that  most  of  this  out-of-band  signal  is,  in  fact,  due  to  noise,  which  can  be  r educed  by  the  pr-uper- 
choice  of  amplifier  bandwidths. 

A var  iable-bandwidth  filter  with  100-MlIz  bandwidth  similar-  to  the  one  descr  ibed  above  is 
now  being  designed. 

J.  Melngailis 
U.  C.  Williamson 

C.  ACOUSTOELECTRIC  MEMORY  CORRELATOR 

Significant  advances  have  been  made  in  acoustoelectr-ic-momot-y-cor-r  elatoi-  technology. 

We  report  these  technological  improvements  and  describe  the  accomjjanying  benefits  to  the  RE 
cor  relation  performance.  The  feasibility  of  progr  ammable  matched  filter  ing  with  an 
acoustoelectric-memory-correlator-  device  was  successfully  demonstrated  by  Ingebr  igtsen  ^ 

■r  The  device  was  a gap-coupled  str  ucture  consisting  of  a matrix  of  fr  ee-standing  Schottky-bat  r iei- 

diodes  on  a silicon  strip  in  close  proximity  (~3  00-nm  gap)  to  the  sur  face  of  an  1 iNbOj  SAW 
delay  lino. 

I The  operation  of  a memory  correlator  involves  fir  st  the  storage  of  a r efer  cnee  signal,  and 

subsequently  the  cross  correlation  of  other-  signals  with  the  stor  ed  r eference.  The  phase  and 
amplitude  of  a refer  ence  sur  face  wave  launched  into  the  delay  line  of  a rnernor  y cor  r elator  ar  e 
! recorded  as  a spatially  var-ying  char-ge  pattern  on  the  diode  matr  ix  by  applying  a for-war  tl-bias 

voltage  pulse  access  the  composite  Si-LiNbO^  structure  for  a fractiorr  of  an  ItE  cycle.  Upon 
I removal  of  the  impulse,  the  charge  induced  on  the  diodes  serves  to  self-reverse-l)ias  llie  diodes, 

I and  the  reference  signal  is  retained  as  a spatially  varying  depth  modulation  of  the  depletion  laver 

behind  the  diotles.  The  maxirnttm  stor  age  time  is  deter-niined  Iry  the  diodr-  leakage  cur-r-(>nl.  Dur  - 
ing this  stor  age  time,  a secoml  signal  may  be  launched  into  the  delay  line,  wher  ein  the  piezoelec- 
tr  ic  fields  of  the  second  signal  will  inter  act  with  the  spatially  var  ying  stor-eil  char  ge  patter  n of 
the  r-efet  ence  signal.  I he  r esulting  acoustoeleetr  ic  voltage  induceil  acr-oss  the  rnernor  y- 
cor  r flator-  str-uclur  e is  the  cor  r vlation  between  tlu'  second  signal  and  tire  r-idiu-i'nce  wave.  The 
device  tluui  functions  as  a pr Dgr  atnrnable  malclied  filter-,  with  the  r-esponse  ilrder  rmned  by  tire 
stor  ed  r-efer  lUlce  w.ivi'. 

Eabrication  details  and  exiier-irnentirl  r-esulls  for  lire  initial  rnemor-v  i-orr<dalor  de\  ices  haw- 
bi-en  repor-led  r'lsewlu’fe.  In  addition  to  dernonstrating  feasilrililv  of  tire  coni-epis,  tiu'se  eai-|v 
results  ser  ved  to  focus  atteniuin  on  sevi-r  al  cr  itical  ih'sign  areas  for  tlu-  nu-rnor  y cor  r-elator 
mechariicni  assenrtrly,  iliorli'  ar  r .ry,  and  et  ase  mr'chatrism.  .Sr'Vru  al  impr-ovemenls  havi-  trow 
lieeti  marie  in  Ilir'se  areas.  e desetiiu-  ticlow  the  cur  rent  ilevice  sfrui-lnri-,  anri  report  sub- 
starrtial  itnpt  rivrnnents  m trtemor  y-cot  r idal ion  per  for  tnatice. 

I.  Mechanical  Assemlily 

The  Cot  r-i’lator  can  oper  ate  well  only  if  lire  cor  rei-t  acoirslordecl  t tc  coupling  is  acliievi-d 
acr-oss  fln'  air-  gap.  l-’ot-  ty|)ical  rievici'  f>a t amel i-t  s.  this  t erjnites  ;r  ineclratrical  asscmtilN  w hich 
achieves  anil  maintains  a 50l)-nm  spacing,  with  ■'rIO-nm  unitor  niity  lii-lwei-n  Si  anil  1 iNtiO^  snr  - 
faces  over-  a 1.5-  x O.l-crn  interaction  region.  An  impreved  packaging  leclirnqr.c  which  vn-lds 
r epr-odircitily  iintfoi  in  ami  slalrli'  gaps  for-  acoiisloeli'ct  t ic  rlevices  has  lieeti  ili‘veIo|nMl.  A par  tiallv 
assemlileil  di-vir'e  is  shown  in  Eig.  V-7.  As  in  previous  gap-coufded  rh-vices,  the  ih-stt  ed  ait 
gap  is  maintained  try  a [rseudot-aridorn  ar  r ay  of  mict-osi-opic  spacer  [losis  whiclrate  faln  icated 
as  an  inti'gr  al  par  t of  Ihe  1 iNIrO^  sur  far-e.*^’ 


Fin.  V-7.  I’ai'tially  assembled  memoi  y correlator.  V'i.sible  within  central  cavity 
is  low-inductance  contact  which  has  been  fabricated  on  one  surface  of  nexible 
Kapton  sheet.  I’lated-throunh  holes  provide  connection  to  silicon  strip  (not  vis- 
ible) which  is  indium-bonded  to  opposite  Kapton  surface,  .^fter  alignment  of  sil- 
icon with  acoustic  beam  |)atb,  strip  is  pressed  against  spacer  posts  on  I iMtOj 
surface  by  means  of  an  R TV  gel,  metal  diaphragm.  an<i  springs  which  are  placed 
above  Kapton. 

The  major  improvements  ovei  eat  Her  configurations  at  e-  (a)  the  silicon  is  indium -bondcsl 
to  a llexible  Kajiton  sheid  which  incoi  porates  a low -iniluctance  out|jul  leail;  (Id  the  unifot  in  gap 
is  maintained  over  a wide  ternperatui  e range  by  a multi-component  pi  essiii  e ttssembly  wbich 
acts  on  the  back  of  the  Si,  Kapton  element,  and  let  do  ect  l.M  feeilthi  ough  ft  oin  input  to  outpiii 
is  suppressed  by  both  metallic-film  ground  planes  ai  oiiiid  the  transducers  atnl  bv  metal  septums 
which  are  placed  betwa'en  each  transduei'r  and  tiu  Si  elmneiit.  This  pai  kaging  iechnrt|ue  was 
first  implemented  for  a convolver  structure,  and  further  details  are  conlaineii  in  Ur  f.  7. 

\ 

f i.  Diode  .\rrav 

• A high-quality  diode  matt  ix  is  tln‘  most  ci  itical  fealur  e of  the  rnernoi  v cor  t a lalru  . Scluitlkv 

f barriers  are  the  logical  choice  since,  as  ma.ior  ity-car  i let  devices,  Ihev  offer  high-fr  erpieiic'. 

^ response  and  the  possibility  of  stoi  ing  w ide-batulw  iolh  signals.  I’tSi-to-n-tvpe-Si  bat  r ler  s are 

1 appropriate  because  of  the  high  ('■O.H'i  eV)  liai  rier  height  and  potential  for  hrw -leakagi’  cin  ri-nts. 

J Initial  memory-cot  relator  experinrents  utiltj<ed  a tliotle  mnliix  with  l.f.S-,iin  pet  lorlicity. 

Kach  [|io<le  consisted  of  a 5-pm-squai  i'  1‘t.Si  region  over  laverl  with  an  r'xlenrb'd  Cr  An  top  contact 
4 

L 10-pm  square.  I he  wide  spacing  of  the  tiiodi-s  pii  vcniterl  ailequati'  sampling  li.e..  a minimum 

f of  2.S  diodes  per  wavelength)  of  the  SAW  at  ft  (‘cpnnicies  alurvi-  100  Mil?.  Hiwtruse  idfir  tent  S,\\\ 

transducers  on  I iNbOj  are  limited  to  a|>proximatelv  otn'-lhiid  relative  bandwidth,  a ilit  r’Ct  crrn- 
; sequence  of  the  wide  diode  spacing  was  to  impose  a 2'i-MI  I? -bandw  iilth  constraint  mi  thesr-  first 

I'  memory  correlators.  An  additional  limitatioir,  catisetl  by  noiriririfot  nritic's  in  both  ait  -gap  and 

[ diorle  characteristics,  was  the  restriction  of  wavefoi  nr  duration  to.;.)  gsec. 


*! 
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Kig.  V-K.  I'liotomicrogiaph  of  small 
segment  of  high-density  I’tSi  Schottky- 
diode  array.  .Slight  granularity  is  due 
' to  small  defects  in  electroplated  gold- 

top  contacts. 


We  have  recently  fabricated  lai  ge,  uniform,  high-density  diode  arrays  which  allow  correla- 
tion of  waveforms  of  up  to  IO-pS('c  tiui  ation  with  a 7 0-nist*c  .stt)rage  tinu*  for  tlie  reference  wave- 
torm.  The  3.H-pm  periodicity  of  the  di<ides  in  the  diri'ction  of  SAW  propagation  will  permit  ad- 
ecpiate  sampling  of  up  to  ISO-MlIz  .signal.s  on  the  I iMd)^  delay  line,  l-'igure  \'-«  is  a ))holomiero- 
graph  of  a small  segment  of  such  a high-density  Schottky  ar  ray.  Kach  lozenge-shaped  pattern 
is  a rtSi  diode  topped  with  an  electroplated  An  cont.act.  I'alrrication  of  this  new  pattern  is  sim- 
plified by  the  usr-  of  plated  contacts,  hence  the  need  for-  only  a single  photolithographic  step  which 
IS  used  to  defin<>  the  matr  ix  of  windows  in  :r  1000-A -thick  field  of  oxide  prior  to  I’tSi  formation. 
Ibis  proci'ss  was  deimied  essential  because  of  difficulties  experienced  in  repi'oducilrl v aligning 
successive  patter  ns  to  within  1-pm  tolerance  over  an  isitire  2-in. -diameter  Si  wafer  with  con- 
ViTdional  li'chnif|in's  on  commer  cially  available  equipment. 

The  pr  r)ci-dut  e used  to  form  the  dioiles  (u  ecludes  the  fabrication  of  top  contacts  which  ex- 
tiTid  bi-yond  the  I’tSi  periphi’t  y.  Kxtended  contacts  would  he  beneficial  in  that  they  would  act  as 
guard  tings  anil  tlu'reby  reduce  leakage  currents  by  preventing  intensification  of  reverse-bias 
electr  ic  fields  at  each  riiode  |ierimr-ter.  Dospite  the  disadvantage  of  diodes  lacking  exteniled 
Contacts,  significant  advtinces  in  Schotiky-diode  processing  have  been  made  which  yiehl  diodes 
with  storagr'  times  well  in  I’xcess  of  10  msec,  the  minimum  rh'sign  goal,  even  for  the  t.8-pm- 
per  iod  plati'd  at  r ay. 

I he  |)t  r'sent  diode-array-fabrication  pr  ocedure  utilizes  n-lype,  phosphor  ous-doperl,  <100>- 
orietiti'd  Si  of  20-u-cm  resistivity.  .An  initial  lOO-nrn  oxide  is  grown  at  t 100  f in  dr  y (),  with 
1-pi-rcetit  IK'l,  and  a lOOO-nm  chemically  vapor-deposited  (C'VD)  SiO,  or  ISO-nrii  Si  ^ U'O-niii 

composite  layer  is  deposited  to  mask  the  front  surface  from  (he  subseipient  rliffusioti.  A 
heavy  phosphorous  prodeposition  anil  diffusion  (each  for  !0  min.  a(  1100  l'(  ct  eale  an  ohmic  track 
contact  and  serve  to  getter  crystallographic  defecis.  ^ext,  the  front  C’VD  and  thermal  layers 
are  strijiped  and  a trew  lOO-nni  oxide  is  grown  (l-pereent  IK'l,  IIOO'(').  followed  by  a tO-riirn. 

^2  l-pru'cent  IIC'l  at  1100”C.  The  combinal ion  of  phosphorous  getter  itig  and  IK'l  oxida- 

tion serves  to  maintain  long  minority-carrier  lifetime  (..,7s  risec),  a requiretiieril  fm  low-leakage 
cut  fents . 
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1 iR.V-9.  CUi:u  s;itiH  and  diKchai  riiik 
cliai  aclei  istic-s  of  wi<lol>and  diode 
ai'i  av*  Static  prediction  is  calcula- 
tion based  U|K)ii  DC  I-V  cliaracter- 
istics  observeil  for  larce-area  test 
diodes.  .'\n  actual  HI  memory- 
correlator  I esult  for  liitrli-density 
ari  av  is  also  shown. 


Mr.V-10.  Ctpri  elation  output  ot)t:iinod  for  two  lOO-Mll;'.  l-psec  Imr  sts. 
with  I'ir.sf  vvavi-form  havinC  l)i  « n stored  for  1 msec. 


Die  lozenge-ahapcd  pattern  of  holes  is  photolithographically  produced  and  etched  into  the 
SiO^.  I'hen  the  front  surface  is  ItF  sputter -etched  to  remove  ~10  nm  of  SiO^.  and  60  nm  of  I't 

is  immediately  sputter  ed  onto  the  wafer.  A 450°C  sinter  in  pure  11,  for  10  min.  completes  the 

8 ^ 

formation  of  a smooth,  120-nm-deep  I’tSi  layer  in  each  window  without  creating  SiO,  that  can 
interfei  e with  the  I’tSi  formation.  A subsequent  600°C  anneal  in  pur  e for  8 min.  creates  a 
thin  layer  of  SiO,  above  the  I’tSi.  This  thin  oxide  prevents  destruction  of  the  I’tSi  when  the  un- 

*-  9 

wanted  I’t  atop  the  100-nm  thermal  SiO^  is  removed  in  modified  aqua  regia  (-tll^O:  JHCl;  1 HNt  )j  at 

SS'CI.  .A  subsequent  pure  II,  aiuieal  at  600°C  for  15  min.  l educes  the  density  of  surface  states 

10  -2  - 1 

at  thi-  SiO, -Si  interface  (~2  x 10  cm  eV  at  midgapl  and  pr  events  excessive  inter  lace-leakage 
currents.  Die  back-side  oxide  is  removed  and  a JO-nm  Crv  300-nm  Au  evapoi  ated  contact  is 
applied. 

After  a dip  etch  in  buffered  HI',  the  front  contacts  are  electroplated  with  fine-gt  ainr-rl  Au 
using  a commercial  solution  at  BO’C  (Kef.  10).  1000  nm  of  In  is  then  evapor  ated  on  the  back, 

the  3.5-cm-long  X 0.0T5-cm-wide  correlator  sti  i)>s  ar  e saw  cut  from  the  wafi-r,  and  the  damaged 
edges  arr-  clumiicallv  etched. 

1 .iige-area  \I(IS  dots  and  l"tSi  diodes  were  fabr  icated  along  with  the  correlator  arrays  in 
order'  to  better-  char  acter  ize  the  device.  Standar  d M()S  tests  indicate  the  high  quality  of  tla- 
oMdi'  whreb  -epar  ates  the  iliodes.  lypical  parameti'i  s at  e 0.5-V  flatband  shift.  75-,i.see  hide 
lifetime,  and  .!  • (0  cm  “eV  surface  slale.s  at  midgaj).  Near  -idea)  IiihIc  liehayrot  is  .ilso 
obtained.^  ^ riu'  Si'hottky  chai'acti’t  IStie  is  well  represented  b\ 

e\  ,2 

.1  .’I.  1 ie\p;  i I I)  riA  I tn 

i I i 2 

2.  > * f'»  ‘Ji'Uors  U 22  i',  hi  uiiliii*in  llu-  2o-fi\  i*  ikitt  .rvi-i  m vrr 

h.ij  • ji*i  , thi’i  !•  IS  tin  »lu»*  to  ilu*  ilioi  nial  i 'ii-h**!** 

I'.iii  -X  Aithin  tin'  il»  ['lotion  U^voi  . wind'll  ’ wlior«'  is  th»*  inii  » n r ioi  rlonshv 

U i>  tlK-  l.  vh-ti.'n  V ] (It It,  ar.'t  * is  tlio  cfl'i'ciivi*  litotuno.  l-di  20«’.l -cm  S»  ti.i^  ir  ' oni  i*.  J. 'urt*} 

t.r  t»»'  t|r.iii,h-  ill  it  . ? lit*  ('‘iffifHinffit,  I T omih  whu'li  i.<  t'nn.mstoni  wjtl  !)»«•  liti*- 

•(*><•!(•■  It.  Or  I • I . .1*1  \h  t'N  to-yt  ..  rinis.  tho  t,.i  r«*\  or '.o  lo  for  i n c i ‘ ” U .si  - » U • it 

> 

• n \ . ' t » I r I • ’ I . 

Iho'yf  « •!  ■ >*•  i'.  i*M  -tiatu*  l-\  I h.i  r.Kti*  r I •>*  ir acio  i-.oi!  t*»  jiio'li»  ‘ tlu*  ih.iititii  »n;f  t -.chni.*  tu' 

' li.i  I it  I I .,1  u ^ '.-r  .4  wKlcliiMfi  iri  «v.  in  I hotjc-.  ,-h<*r,!l  h.ri:*'  i ip'^U 

II  .It  htniT  I f‘  I '>')  pw.'.  I , h.uiif  I''  cl  «)«‘tortmni‘i1  l»v  t hoji  f ihiu;  i.n  tor  w it  hin  ♦ In*  i r r • hi  in 
ictiMl  ilovu  ‘ . tl-i  ■ t 4I  HIIU’.  time  IS  I'l  r.‘^4'ntlv  hinitcd  bv  oMoinal  v'lrmiitiv  i>*  1 tiscc.  .\[*- 

pii'i  lihlo  rhai^n-  i.-*  i'\|i«'cto(!  tt>  i cm.’un  in  !!>«•  at  t iv  i**i  fon  msec.  /lio  .ict\ial  hi  i *■  <'f 

.1  hi**  1. -'ll  twi  * \ -i;  r » V i.H  s»'»*n  t « * ho  in  i oasiitiahlo  mi  oi*monl  s\  ii  h t ho  st  at  u'  [>i  odit't  i-  «fi.  I ti ! )? •;  - 
oru'os  in  tlio  thscdia!  mn*;  char  .iofor  isl  .im’  at  t t ihut  I'tl  to  tho  > »niissi‘  in  wit  Inn  t ho  r i at  lo  if  -dt  ■! 
of  *wo  ilovico  fo.itiii  os.  1 ho  atl'htionnl  dim*  Ioak.i*;o  to  In*  oxjiootod  within  tl  i la*;h-doTi>itv  ai  i a\ 
was  riot  ♦•stirnat«'d.  Howovoi,  tin*  inci  iMsod  rate  <»f  char*jo  h»H.s  is  [laitialh  l>  il.ifjoni  )»  Jhi* 
sov'ornl  fo.iimi*,  an  incM*.iso<|  oftirionr\  foi  tho  t o.idotit  [ii  oo«*ss  as  tho  (h*|d>  tioti  hivi't  o ■lla[>sos. 

HI'  Ki-snits 

hiiti  i!  hf*  charaofi'i  iz.hton  tho  mDiiifiod  cor  i clatm  showod  suhstanUal  im[u  ovomont  m 
d*‘Vi('o  pot  foi  manco.  A ivfUcal  correlation  output  is  displavcd  in  1 i*j.  V-10.  I his  1i  ian*^ulai 
oiit[)Ut  ropM  sent.s  Ihc  i*oi  i elation  hi*lwc«*!i  Iw*-  tOO-MlI/,  -l-iisoi'  hursts,  with  tlu*  first  wavofot  m 
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I IK.  V-  1 1 . Stoi  age  capability  of  ingli-density  array 
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having  been  stored  for  1 msec.  For  convenience  in  tlie  preliminary  HF  experiments,  ttie  higti- 
density  arrays  were  mounted  with  100-MHz  delay  lines,  hence  the  bandwidth  is  transducer- 
limited  to  25  MHz.  Also,  for  diagnostic  pm  poses  tliese  devices  wei  e packaged  in  a manner 
which  allowed  convenient  optical  inspection  of  the  air  gap,  but  whicli  obviated  techniques  foi- 
maximum  suppression  of  spurious  levels.  Consequently,  thei  e is  a relatively  high  level  of 
g direct  K.M  feedthrough  from  the  input  which  leads  and  overlaps  with  the  desired  outi>ut.  In  addi- 

j tion,  spurious  shear  bulk  waves  introduce  unwanted  fine  structure  on  the  correlator  output  and 

.1  yield  signals  which  trail  the  desii  ed  response.  Methods  which  are  available  for  suppressing  all 

these  spurious  signals  will  be  implemented  in  future  devices. 

One  of  the  major  improvements  in  correlator  performance  results  from  the  low-leakage  cur- 
rents achieved  for  the  diodes.  A display  of  the  concomitant  storage  time  is  shown  in  Fig.  V-11. 

.‘\  100-MHz,  4-psec  burst  was  stored  in  the  dev'ice  at  time  zero,  and  subsequently  a train  of 
repeated  identical  bursts  was  entered  and  multiple  correlations  with  the  stored  pattern  were 
obtained.  The  envelope  indicates  the  successive  peaks  of  the  correlation  output.  Note  that  the 
readout  process  is  nondestr  uctive.  There  is  essentially  no  memor  y loss  for  the  fir  st  30  msec, 
and  3-dH  stor-age  loss  does  not  occur'  for*  70  msec.  I'his  r'epr'esents  an  impr'ovement  in  r'nemor'y 
time  of  nearly  two  or  ders  of  magnitude  over-  ear  lier-  devices.^ 

Rccause  of  signal-processing  requirements,  a need  exists  lo  rapidly  clear  the  mcrnorv  and 
have  it  recover  quickly  so  that  at  any  desired  point  in  time,  the  signal-processing  cycle  could 
be  initiated  with  a new  reference  waveform.  A convenient  mechanism  exists  for'  the  er  asur  e: 
photon-enhanced  leakage  cur  r ent.  As  was  described  earlier-,  the  pr  edominant  leakage  current 
ar  ises  from  the  thermal  generation  of  electron-hole  pair  s within  the  depletion  layer-,  and  this 
current  can  be  enhanced  in  a controllable  fashion  by  illuminating  the  Schottky  ar  ray  with  greon- 
light-emitting  diodes  (LEDs).  Green  light  was  selected  to  pr  ovide  essenti-ally  com))lete  absm  p- 
tion  within  the  depletion  layer  so  that  all  the  holes  generated  are  swept  by  the  dejrletion  field 
into  the  PtSi  regions  and  rapidly  discharge  the  ar  r ay.  A typical  r esult  is  shown  in  Fig.  V-12 
where  the  nor-mal  stor  age  of  a reference  waveform  and  subsequent  multiple  cr  oss  cor  r elations 
were  produced  as  in  Fig.  V-ll  for-  the  first  50  msec  after  entering  the  refer  ence.  Then  a 
160-psec  pulse  of  green  light  from  five  l.KDs  mounted  under-  the  delay  line  was  used  to  com- 
pletely dischar  ge  the  array.  The  total  time  for-  the  erase-and-recover  pr-ocess  is  200  psec,  and 
IS  sufficiently  shor  t for  most  radar  -signal-processing  applications. 

4.  Recent  Achievements  Compared  With  Design  Goals 

The  memory-cor  r elator-  performance  as  it  exists  today  is  compared  with  the  progr  am 
design  goals  in  Table  V-I.  Device  char  acter  istics  have  met  most  of  the  goals.  A bandwidth 
of  too  MHz  will  be  realized  as  soon  as  the  existing  3.H-prn-per'iod  Schottky  arr  ays  are  mounted 
against  appropriate  delay  lines.  Stor  age  time  is  more  than  adequate,  with  70  msec  obsei  veil 
at  a device  temperature  of  20'C.  Of  course,  the  leakage  cur-rent  is  exponentially  dependent  on 
tetTiperature,  and  a storage  time  for-  3-dH  memory  loss  of  25  msec  is  observed  at  30°C.  Iher  i - 
fore,  the  design  goal  of  10-msec  minimrrm  storage  time  is  met  at  temperatur  es  up  to  40‘’C. 

This  does  not  represent  an  application  restr  iction  since  a compact  ther  tnoelectric  unit  can 
easily  cool  the  correlator.  Some  inrprovernent  is  still  r equired  in  the  inter  action  uniformity. 

The  existing  i1-dH  uniformity  was  limited  not  by  the  diodes  but  rather  by  par  ticulate-  oorrlamitra- 
tion  of  the  air  gap  in  these  devices,  and  cleaner  assembly  techniques  should  provide  improved 
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TABLE  V-I 

MEMORY  CORRELATOR  PERFORMANCE 


Achievement 

1 Goal 

Center  Frequency  (MHz) 

100 

r ~ 

1 300 

Bandwidth  (MHz)  ' 

25 

i >50 

Waveform  Duration  (psec) 

10 

>10 

Storage  Time  (—3  dB)  (msec)  i 

70 

>10 

Maximum  Temperature  (T^  = 10  msec) 

>40°C 

>30°C 

Dynomic  Range  (at>ove  kTB)  (dB)  j 

70. 

>60 

Amplitude  Uniformity  (dB)  ' 

±1 

±1/2 

Spurious  Level  (dB) 

i -23 

-35 

At  1-dB  Compression  Point: 

'’ref 

18 

i _ 

PsiG  ] 

20 

- 

'’out 

-30 

i 

uniformity.  Spurious  levels  are  unacceptably  high  in  the  existing  correlators,  and  for  this 
reason  the  l.iNbO^  substrate  geometry  is  undergoing  extensive  modifications.  These  modifica- 
tions, as  well  as  wideband  correlator  performance,  will  be  reported  at  a later  date. 

U.  W.  Ralston  R.  A.  Cohen 

J.  Cafarella  R.  W.  Mountain 

S.  A.  Reible 
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